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Abstract 
ABSTRACT 
A new type of mixer is investigated in this thesis. This new mixer，called ILO 
regenerative mixer, utilizes injection locking technique to push an injection-locked oscillator 
(ILO) into the region so that it can achieve as high as 35 dB conversion gain without falling 
into oscillation. In this case, the ILO non-linear impedance is modified by injection signal. We 
call this effect Injection Controlled Resistance. I f we apply the injection controlled resistance 
(ICR) technique to the negative resistance amplifier, it can deliver up to 40 dB reflection gain. 
The ICR is a new application of injection locked oscillator design. In an injection 
locked oscillator, the oscillator is locked to the external source, the oscillation frequency is 
same as the injection frequency with a finite phase difference. In another words; the reactance 
of the non-linear device is shunted by a virtual capacitor with value related to the quadrature-
phase component of the injection signal. The negative resistance part is shunted by a virtual 
resistor with value related to the in-phase component of the injection signal. It is well known 
that the locking range of the injection locked oscillator is related to the quadrature-phase 
component of the injection signal. By using the quasi-static analysis, we find that the value of 
non-linear resistance is related to the device non-linearity and the injection signal. 
By using a simple matching technique, the ILO can be converted to a regenerative 
mixer. This mixer is found to be able to deliver very high conversion gain(over 30 dB), 
moderate noise performance and inherent, image signal rejection capability (over 30 dB)，these 
value were measured at 300 MHz. The regenerative mixers operate in a different frequency 
conversion mechanism as that of typical active mixer. For the typical active mixer ，the 
conversion gain is mainly determined by the device transconductance. The conversion gain is 
strictly confined by the device parameter itself. On the other hand, the conversion gain of this 
regenerative mixer is less dependent on the device transconductance, but rather relies on the 
negative reflection gain on both RF port and the IF port. So，the regenerative mixer can be 
thought of as a combination of RF amplifier, mixer and IF amplifier. 
Compared with the active mixer, the regenerative mixer is a narrow band mixer. It is 
very suitable to be used as a frequency converter in the class of fixed IF frequency. Most 
interestingly, this regenerative mixer is capable of working in very low voltage and current 
condition. In the example described in this thesis, the regenerative mixer is working at 3 V 
power supply with current consumption of 1 mA. The conversion gain is as high as 25 dB with 
sensitivity -120 dBm at frequency 393 - 398 MHz. Moreover, the operation bandwidth is 
about 6 MHz and the image frequency rejection ratio over 30 dB. Another regenerative mixer, 
which is working at voltage 1 V supply voltage with current consumption 0.25 mA, can be 
operated as high as 690 MHz. It can attain 10 dB image frequency rejection ratio and 16 dB 
conversion gain with 11 MHz operation bandwidth. However, the sensitivity is degraded to -
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111.5 dBm. Nevertheless，no other active mixers can give comparable performance under this 
condition. 
Nowadays, the thrust of wireless design is towards lower voltage, lower current，and 
small size without performance trade-off. Moreover, most portable wireless products operate 
with several Megahetz bandwidths (e.g., cordless phone，pager and wireless modem )• So, the 
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Chapter 2 Background 
CHAPTER 2 B A C K G R O U N D 
This chapter introduces the basic theory of oscillator, mixer, negative resistance 
amplifier and injection-locked oscillator. In section 2.5 , a theory of quasi-static 
analysis is presented. 
Section 2.1 reviews the basic theory of feedback oscillator and negative 
resistance oscillator. 
Section 2.2 reviews the basic theory of the mixer，e.g.，non-linear resistance 
mixer theory，y-parameter representation and etc. 
Section 2.3 reviews the basic theory of negative resistance amplifier. 
Section 2.4 outlines the fundamental theory of the injection-locked oscillator. 
Section 2.5 first reviews the quasi-static analysis on the problem of injection-
locked oscillator and extends the analysis to the problem of frequency conversion 
mode of the ILO . 
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2.1 BASIC OSCILLATOR [47-48,51-52] 
2.1.1 Introduction 
There are two important categories of oscillator. They are the feedback oscillator and the 
negative resistance oscillator. In microwave frequency, we usually use negative resistance 
oscillator. I t doesn't mean that the feedback oscillator can not operate in this frequency band. It 
is because the negative resistance circuit is more easily analyzed and visualized than the 
feedback circuit in microwave frequency. 
2.1.2 The Basic Feedback Oscillator 
The oscillations usually 
begin with by the white noise in 
the input of the linear amplifier. 
After magnification by the 
amplifier A, a fraction of the 
output is fed back via the L ( 6 ) 
frequency selective network P( ^ ^ ^ ~ ^ 个 6 。 
(D). The fed back signal is then 
re-amplified and feedback again 
until a sinewave begins to 勺 
emerge at the output. External 
or device limiting ，L(e)， pjg 2.1.1 simple feedback oscillator model 
eventually reduces the open 
loop gain to give a stable CW sinewave output. This process can be described by the following 
equations. 
The open loop gain of the system = A. L(e) 
. A-Lie) 
The closed loop gain = — — 〜 , , - , 
To start oscillation, the condition of P ico) -L(e) 'A>\ must be fulfilled. When the 
oscillation amplitudes grow up, the output limiting ,L(e), reduce p((o) 'L{e) 'A to unity to 
give stable CW output. 
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2.1.3 The Basic Negative Resistance Oscillator [1,52] 
The oscillation also usually begin 
with the white noise. For a series 
connected negative resistance circuit of j X 〉〉 r\r\r\ 
the type shown in Fig 2.1.2., the noise L 
may be thought of an equivalent white — r—L-. 
noise voltage generator in series " R ^ V o ( t ) 
with 'R. The negative resistance -R L I 
varies as a function of RF current as noise 
shown in Fig 2.1.3. 、、 
The white noise can be thought of Figure 2.1.2 basic negative resistance oscillator 
as a series of randomly spaced and 
random height impulses. The impulse response of the network is given by 
D I n 
Vo{t) = V—-老-COS Ohyll - f t where ^ = ^ ^ ^ ^ ^ 
2(0oL 
I f JR > R L , 4 will be negative and 
the voltage Vo will grow exponentially. — r 
As the current Lf increases, -R begins 个 
to fall of f to the point where Lf=Io and 
及 = R L . AS a result, a stable CW R L 
oscillation is achieved. 
： j 
. i 
2.1.4 Implementation of an 
oscillator Figure 2.1.3 
The oscillator can be implemented by various active device，e.g., BJT，FET and MMIC 
，etc. In RF frequency, we usually use BJT to make an oscillator. The basic configuration is 
shown below. 
Assume the BJT is represented by h-parameter. Using the feedback theory, the open loop 
gain of the network can be expressed as 
� , Z2(ZL + Z3) 
Av = 一 hfe] \ —‘ r 
(ZL + 22 + Zi)he + ZL(Z2 + Z3) 
The feedback factor is given by 
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Zl + Z3 
I f we replace the general impedance Zn by a pure reactance jXn, 
. n 1 • Xl 
Av'P = -hfe— r r 
j{Xx + X2 + Xi)he - X\{X2 + X3) 
To fulfill the oscillation Z 3 
condition, X i + X i -h X3 = 0 
and A v f i is reduced to 个 
—hfe. I f the loop gain is to be f [ ~ | ^ ^ V o 
义 1 V I J z i U Z 2 
positive, X i and X2 must be of 
equal sign and X3 must be of 
opposite sign to Xi and X2 . It 
means that Xi and X2 are of the 
same kind of reactance and vice • 
versa. For example, Figure 2.1A 
Type ^ ^ Z3 
Harley U 1 2 C3 
Colpitts C I ^ L3 
Clapp CI C2 C3+L3 
2.1.5 Phase noise of an oscillator (linear theory) [59，61] 
The phase noise of an oscillator is expressed in terms of spectral purity l( f tn). The 
definition of l(fm) is that the noise power with correction at fm over the carrier power. 
l i f t r i ) = — (1 Hz Bandwidth) 
c 
A well-known simple model introduced by Leeson reveals many important aspects of an 
oscillator. 
2.1.5.1 Lesson's model 
Leeson described the phase noise of an oscillator in terms of the phase perturbation Sem 
at the input of the amplifier and the loaded Q of an oscillator. 
lavs \ JmJ 
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and Hfin)=\ 1 + 去 去 . 知 W 
JM \2QLJ ^ 
Combining the above equations give 
仏 F 灯万 「 1 /。2/c 1 f fo V fc 1 … 
l(fm) = + — + 1 (dBc/Hz) 
2P咖 fn? AQi \2QL) fm \ ) 
Depending on the relation between fc and ，there are two cases of interest as shown 
2QL 
below. 




j Pays Pivs 
I 
I 
i >Freq >Freq 
fc fc 
(a) (b) 
Resulting Phase noise Resulting Phase noise 
^(fm) 』(fm) 
/ \ i 个 i 
： 
\ fm^  fm^ 
\ FKT I X FKJ 
\ Favs I X P^s 
- i j 
> ——1 ^ 
fo fc Freq 化 fo Freq 
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2.2 BASIC MIXER [59] 
2.2.1 Introduction 
A mixer is basically a multiplier. This point is illustrated in Fig 2.2.1 
A|t)(cos((cOs + Opjt ^ ( t ) ) + c o s ( b v COp)t 4<|) It))) 
A{t)cos(a)st4-(|)(t)) y 
RF ~ K H ) >— \ 
I 
LO Low pass filter \ 
2 B c o s ( _ ) AWcosdcos-coPlt-HMt)) 
Figure 2.2.1 
Suppose the signal bearing information is in the form of modulation A(t) or (p(t) at 
carrier frequency cos. The LO signal is a pure un-modulated sinusoid at frequency cop. The 
output is found to consist of modulated component at the sum and difference frequencies. The 
IF filter is used to select the desired component. 
In the real world, the multiplier is implemented by some non-linear device，e.g.，BJT， 
diode and FET，etc. In principle, any non-linear device can be used as a mixer. Unfortunately, 
no non-linear device exists which can perform simple multiplication. They generate many 
higher order mixing products other than the desired one. The desired output frequency 
component must be filtered from the mess. This phenomenon can be illustrated by describing 
the W characteristic of the non-linear device via a power series: 
I = ao-¥ a\V + aiV^ + a^V^ +.....+ 
Let V equal the sum of the two inputs in Fig 2.2.1. I f the input signal is much smaller 
than the LO signal，the modulation is ignored. The frequency component of the resultant 
current I are 
0)/1 = 腳 / 7 士 他 
A filter following the mixer is essential to isolate the desired frequency component. 
2.2.2 Non-linear Resistance Mixer 
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Suppose one has a device with a non-linear transfer characteristic I(V). The voltage 
V = Fo + AFp-hAVi is applied to the input Port. AVi is a small input signal and AVpis a large 
local oscillator signal. We then make a Taylor expansion with respect to AVi. 
i = m 
V / = /(Fo + AF;,) + — AVi 
涨 AVI=0 
=l(Vo + AVp) + gn,{Vo + AVp)AVi (22.1) 
Since higher-order terms in AVi can be neglected (small-signal approximation). Here 
•hAFp)= = gnro + 2gml COS(拟)+ 2g«2 C0S(2吻/)+.... 
is the instantaneous transconductance of the device and 
= ^ co4ncopt)do)pt (n=0，l，2，3，....） (2.2.2) 
is the nth Fourier coefficient of gm(t). 
2.2.3 Y-parameter representation [57,44] 
In principle, the mixer input port has to be shorted at all frequencies other than the RF 
input frequency. The mixer output port has to be shorted at all frequencies other than the 
output IF frequency. This gives maximum circuit stability and the best noise performance. 
With this particular matching requirement, y-parameter is most suitable for the analyze of a 
mixer. 
The conversion matrix of the non-linear resistance can be expressed as 
_/丨 l-pTn YnJVx 
l2 一 7 2 1 7 2 2 Vl 
— —' L— M _ 
Where Ii，Vi represent the current and voltage at RF frequency 
I2,V2 represent the current and voltage at IF frequency 
Neglect all the spurious frequency component. Consider the block diagram shown 
below. 
r ~ ^ 1 
Ys Vi Y YL 
\ p i p ——IV 
Yin Y’in y 'out 
Yout 
Figure 2.2.1 y-parameter representation of a mixer 
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Yout' =-Yn' Y^^. — ^ ― and Yw' = - Y n - 丨 . ~ ？ ( 2 . 2 . 3 ) 
Ys-hYn Yl + YI2 \ ) 
The mixer acts as an admittance converter. The real part of Yout is negative i f the real 
part of Ys+Yii IS positive . The converted admittance is inversely proportional to the load 
admittance. Similarly, the real part of Yin is negative i f the real part of YL+Y22 is positive. In 
theory，it is true for any mixer (e.g., diode mixer, transistor mixer and etc.) In reality，the 
parasitic element in the non-linear device always compensated this negative admittance. In the 
regenerative mixer, the conversion admittance is higher than what the parasitic admittance can 
compensate. 
The conversion gain of the system above is given by 
G _ •丨 |2 .Re⑷ .Re(yL) ^^ ^ _ 4|72i|^Re(7.)-Re(7L) 
‘ 一 1(711 + YS){Y22 + K ) 一 7 .. Yu\' or ‘ 一 \{Yin + Ys){Y22 + Y.f 
or Gc = ^ V - (2.2.4) 
{Yout + YL){Yu-\-Y)\ 
The input admittance is given by 
= i — (2.2.5) 
YL + / 22 
The output admittance is given by 
Yout = 722-712- 72.. — i — (2.2.6) 
/ j + /11 
r ^ i 个 c f e i A f r S 
y s N i H i y 、 YL 
V ling T T 
Figure 2.2.2 a noisy mixer 
The figure shown above is an equivalent circuit of noisy mixer. Ini and In2 are the noise 
source that represents the noise generated by the non-linear conductance appearing at both 
frequencies. Both noise currents have identical squared mean value and are un-correlated. In 
the following analysis，The noise contributed by the generator admittance is represented by a 
current source Ing. 
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Where the mean squared value of noise current source are given by 
Inx" =4K'T'B Gnx，Ls^ =4K'T'B Gng and Im^ = ^K T-B Gm 
Ii = Yout • Vi + 721 (/”i + J\ 个 7ii+r5^ ) 
converted \ ^ c o n v e r t e d 
admittance ^current source ( 之 丄 乃 
When we looking back from port 2, there are two converted current source and one 
converted admittance. 
^ o u t l J i n r l ! n 2 r J n 
$ T $ T R T F H 
nr ]ing,l T V 
Figure 3.2.3 an output equivalent circuit of mixer 
The noise power delivered to the load is given by 
& 卜 (2.2.8) 
• 一 
The noise figure is then given by 
xrr- 7”容 2 ln\ Ini Yw^-Ys^ 
服= 7"T + 7 T + 7 " T " i r ~ (2.2.9) 
I no I no I no 121 
Where In。= Ing as the mixer match to the generator. 
2.2.4 Figure of Merit 
There are several important parameters of the mixer. 
1. Conversion gain/loss 
2. Noise Figure 
3. Dynamic Range 
4. Bandwidth 
In different applications, compromise of the above 4 parameters is necessary. Usually , 
the frequency converter can be classified into 3 types，swept LO with fixed IF, swept LO with 
varied IF and fixed LO with varied IF. The bandwidth requirement of mixer in the first type is 
loosest. Most consumer grade RF products belong to this type. A mixer can also be divided 
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into two categories. They are passive mixer and active mixer. The passive mixers usually 
contain diode as a non-linear device that gives loss in frequency translation. On the contrary, 
an active mixer contains active device，e.g., BJT and FET that provide conversion gain. Using 
active mixer has the advantage of eliminating the IF amplifier and even the possible elimination 
of the RF amplifier front end in some case. Typically，the simple active mixer has poorer 
dynamic range than the passive mixer. In t high performance system which requires higher 
dynamic range, double balance diode mixer or even special type mixer is used. A rough 
comparison of various mixer is given as below: [60] 
DEVICE ADVANTAGE DISADVANTAGE 
Bipolar transistor Low Noise Figure High Intermodulation ( IM) 
High Gain product 
LOW D C Power Easy Overload 
. Subject to Burnout 
Diode Low Noise Figure High L.O. Drive 
High Power Handling Interface to I.F 
High Burn-out Level Conversion Loss 
XFET Low Noise Figure Optimum Conversion Gain not 
Conversion Gain possible at optimum square 
Excellent I M products law response 
Square Law Characteristic High LO power 
Excellent Overload 
High Burn-out Level 
Dual-gate MOS Low I M Distortion High Noise Figure 
FET AGC Poor Burnout Level 
Square Law Characteristic 
Apart from the single-ended configuration, there are single balance and double balance 
mixer. 
Characteristic Single-Ended Single Balanced Double Balanced 
Bandwidth Several decade Decade Decade 
possible 
Relative I M 1.0 0.5 0.25 
density 
Inter-port Little 10-20 dB >30 dB 
Isolation 
Relative L.O. 0 dB +3 dB + 6dB 
Power 
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2.3 NEGATIVE RESISTANCE AMPLIFIER 
2.3.1 Introduction [65] 
i 
There are two main types of amplifier, the transmission and the reflection type. 
The reflection type is realized by a negative resistance element. In the past, most 
RF/microwave amplifier belonged to this type. As the technology advance, the 
transmission type amplifiers replaces the reflection amplifier in most applications. 
The most general amplifier employing a negative conductance device is 




in terms of the 
scattering parameter is r n A * P a S S i V 6 | | 
given by LJGS寬 Ne tWOfk 
Fig 2.3.1 
„ „ S23a- Sila- Swb ,一，、 
Sll = Sua + (2.3.1) 
\ — Sz^a- Swb 
Si lb is the reflection coefficient of the negative conductance device. [Sa] is the 
scattering matrix of the passive network. For the network is matched to the 
characteristic admittance Yo, such that Y33=Yo and S33a = 0. (2.3.1) is then reduced to 
= 1^21(1+ iS^23a .<5^310 • (2.3.2) 
The overall transmission is the sum of two contributions. The first S2ia is the 
direct transmission path of the passive network. The second，Si^a-S^\a'Swb is 
transmission from port 1 to port 3 and then reflected to port 2 due to mis-match. For a 
passive network, [S] is smaller than unity. The only term contribute to gain is Siib. 
Let p be the reflection coefficient at the input of the network with output 
termination +GD. The p, is the reflection coefficient at the input of the network with 
output termination -GD. Then, 
Sub = = — (2.3.3) 
P 
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Thus, the problem of finding a maximum \S\ \b\ over a given band becomes the 
problem of minimizing p on a network of positive termination Go. For a specified 
GD 
bandwidth ©o, the constant gain is limited by \S\\b\ < 咖co 
2.3.2 Type of reflection amplifier 
The negative resistance amplifier can be classified into 5 types. They are 
1. The circulator-type amplifier 
2. The hybrid-type amplifier 
3. The direct-connected-type amplifier 
4. The transmission-type amplifier 
5. The cascade-type amplifier 
In this section, only type 3 is introduced here. Type 3 amplifier is the simplest 
amplifier configuration. Assume the negative conductance device is represented by a 
parallel connection of a device capacitance Co with the negative conductance -GD. The 
transmission coefficient can be expressed as 
S2X = 2 ^ G s G L ' Z (2.3.4) 
Where Gs is the source conductance, 
GL is the load conductance, 
Z = 1 ， 
GS^GL-GD-\-S'CD + Y\ 
and Y1 is the admittance of Co parallel connected to a positive 
conductance +GD. 
The maximum gain for a given bandwidth is given by 
W G . Gl 1 . q 
i3 21max = 7 = ^ — = = = (2.3.5) 
COO'CD G F 6 Y + 1+ 
COo'Cd \ \(Oo'CDJ 
where e = G! + Gl - Gd . 
For Gs = Gl =——and 8 = 0, the maximum gain of the amplifier is reduced to 
Si\ttmK = (2.3.6) 
Oh • Cd 
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2.3.3 The noise Figure [64] 
Let the negative conductance amplifier stage consists of a negative conductance 
device of conductance -gd parallel to a signal source of conductance gs, where gs > gd. 
\ . 
The available gain of the amplifier stage is given by 
G 烟 ( 2 . 3 . 7 ) 
g^-gd 
Let the noise of the amplifier be represented by a noise generator is and a device 
current generator id and let L! 二 Q T.gs.tsf and /V ^A k-T-gx t^- The noise 
figure of the amplifier stage is then given by 
F l = l +史 (2.3.8) 
gs -gd 
Let the -J- -J- o o 
receiver have a • …^…_、,〜 
. . i s U id U receiver 
noise figure r ^ 
F2(gs') i f a signal \ | | \ 〇 ^ 
source of 
conductance gs, pjg 2 3 2 
is connected 
parallel to the input. Let F2 have the minimum value (F2)min for a gs' = (gs')min. I f the 
negative conductance amplifier stage is connected directly to the receiver, the receiver 
looks into a source conductance gs-gs-gd. In this case, gs' > 0. Since the output 
conductance (gs-gd) of the negative conductance amplifier stage is positive, the total 
noise figure F of the amplifier plus receiver is 
F2-I 
F = + (2.3.9) 
Gov 
The asymptotic value of the noise figure is then given by 
F = 1 + L _ ^ (2.3.10) 
於， 
Hence, the direct connection between the stage and the receiver does not give a 
significant increase in noise figure i f 
l im gslFiigA - l l « gx (2.3.11) 
伊 0 L \ ' J 
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I t is possible to express the noise figure of the receiver as 
= l + ^ (2.3.12) 
Where A is usually a small factor, Rno is the equivalent noise resistance for a 
short circuit input and g«oois the equivalent noise conductance for open circuit input. 
The noise figure has its minimum value 
(F2) m i n= l + ^ + lylRno'gnco (2.3.13) 
f o r gs-(gs')min=- ^ ^ ， a n d ( 2 . 3 . 1 0 - 1 1 ) b e c o m e s 
V /VMO 
F = and g«oo« gx 
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2.4 FUNDAMENTALS OF INJECTION-LOCKED OSCILLATOR 
2.4.1 Introduction 
Injection locking [1-3] is a well-known phenomenon that has been discussed by 
many authors. The pioneering work was done by Van Der Pol in the 1920's when he 
used appropriate approximations and solved a second-order differential equation 
pertinent to non-linear oscillation [4]. His theory is further refined，extended or 
simplified by many authors including Alder and Kaneyuku KuroKawa. The quasi-static 
analysis introduced by Kurokawa reveal almost all important aspects of both free-
running and injection-locked microwave oscillator. The quasi-static analysis will be 
reviewed in next section. Here，an introduction to the injection-locked oscillator is 
presented first. 
2.4.2 Injection-locked oscillator 
An injection-locked oscillator is a two-port network. I f no signal is present at the 
input port, the injection oscillator is an oscillator free-running at frequency fo with 
current amplitude Ao. I f an injection voltage e with frequency f i is applied to the input 
port, the oscillator will track to the injection signal. The final oscillation frequency is 
the same as that of the injection signal with a finite phase difference. 
, i( t) 
Suppose， 
八 
e(t) = E • co^coii) and r n r ^ 
i{t) = AoCoip)it^(p) Z ( W ) V . R + j X 
The locking equation can be expressed as '-[-' ^ 
z ( 似 ) / ( O = 吵 ） e { t ) ^ T 
。 Fig 2.4.1 an equivalent circuit of oscillator 
Where cp is the phase difference between 
the injection signal and the resultant oscillation current. 
2.4.3 Locking Range [2,5] 
The locking behavior happens only in a window for which the frequency 
difference between the injection signal and free-running oscillation falls within a finite 
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range. This range is called the locking range. The transfer function of a typical 
injection-locked oscillator is shown in the Figure 2.4.2. 
The locking range of the single tuned oscillator is given by 
. (Oo [Pi 1 
l\CDm — 
-Q.APo.om Magnitude 
where Acom is the locking range, Amplitude ^ ^ o c k i n g Range 
coo is the free running oscillation f Z ^ 
frequency, \ i +90 
Qext is the external Q of the V 〜 \ 
circuit, •J" … … p h a s e 
Pi is the injection power, / V ^ ^ y response 
Po is the oscillator output power, -9Q〉 
0 is the phase difference of the ^^ Frequency 
injection signal and the oupout Figure 2.4.2 Transfer function of iiyection-locked oscillator 
signal 
2.4.4 Noise Behavior [14] 
The phase noise of the injection-locked oscillator, to some extent, is also affected 
by the injection signal. 
Case (1) The injection signal is noisy and the oscillator is noise free 
The F M noise power of the resultant injection-locked oscillator is modified by 
the following noise suppression factor. 
S 口 ^ 
COo Pi 
Where m is the frequency offset from the carrier 
(Do is the injection frequency 
Po is the oscillator output power 
Pi is the injection power 
In this case, the noise near the carrier will be unattenuated, whereas noise far 
away from the carrier will be attenuated. 
Case (2) The injection signal is noise free and the oscillator is noisy. 
The noise suppression factor is given by 
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•、 • 
CDm】n Po 
胁 2 Pi 
- (Om 八 Po 1 + —gex.— 
OH Pi 、 
In this case, the noise near the carrier will be attenuated, whereas noise far away 
from the carrier will be unaffected. 
2.4.5 Applications of ILO 
Injection locking enables an oscillator to perform various functions other than 
just generating a fixed-frequency signal. For example, 
1. To stabilize an oscillator [14] 
2. as an amplifier [11,12] 
3. as a FM，PM discriminator [22,24] 
4.for signal synchronization [6，18，19] 
5. for power combining [16] 
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2.5 QUASI-STATIC ANALYSIS[1 -3] 
2.5.1 Introduction 
In the following analysis, the network is represented by a series resonant circuit. Actually, the 
network can be represented by a parallel resonant circuit. The analysis procedure is identical. Both 
representation give very similar results. To find the results of using parallel resonant circuit, we 
simply replace the current terms by voltage，voltage terms by current，resistance terms by 
conductance terms and reactance terms by susceptance terms. So, only the case of series resonatant 
circuit is considered here. 
2.5.2 Free running oscillation 
Z L M ^ - R + j X 
Z ( w ) 
Fig 2.5.1 An simlified circuit of an oscillator 
Consider the circuit shown in Fig 2.5.1. The non-linear active device is represented by - R + j X and 
the load impedance is represented by ZL. The box between them represents a matching network. 
Z(w) is an impedance looking from the side of the active device. The entire circuit can be simplified 
as a series connection of the load impedance Z((o) and the active device - R + j X , as shown in Fig 
2.5.2. 
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i(t) > 
A 
Z(w) V - R + 7 x 
• 
Figure 2.5.2 An equivalent circuit of an oscillator in Figure 2.5.1 
Let e(t) represents the injection voltage. Which is given by 
e(t) 二 aocos(a),) (2.5.1) 
Let the current flowing through the active device be 
i(t) = AoCos(eyt + (p)， (2.5.2) 
Where the current amplitude A。and the phase difference 识 are slowly varying function of time 
compared to cos((Dt).The voltage drop v across the active device is then given by 
V = -RAo cos{o)t + (p)- XAo sin(o)t + 识） (2.5.3) 
Assumption： The impedance of active - R + j X is a function of current amplitude Ao only. Its 
frequency dependence is very small when compared with the external matching 
circuit. So, its frequency varying property is neglected in the following analysis. 
In order to calculate the voltage drop scross Z(CD)，consider the time derivative of current i(t). The 
first derivative is given by 
— = -A{(o-\- — ) sin(<y/ + (p) -\-—cos{wt + (p) 
dt dt dt 
\ dty A dt 
、L« - J « 
Similarly, to the first order approximation, the n th derivative is then given by 
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_^二Re 外 丄 到 V 一 、 
df — V dt) A dt 
L . - J 
In ac circuit theory，the time derivative in time domain corresponds to multiplication of jo) in 
、frequency domain. So, we replace jo) by o)+年一 j〜竺 everywhere in Z((o). 
at A dt 
, do J 1 dA 
Assume co » and co » — — • 
dt A dt 
J d(p . 1 dA\ 、，dZ( (o ) (d(p . 1 dA\ 
Z (D +—- 1 = Z { a ) ) - ¥ ^ + 一 j ~ 7 ~ r 
I dt J A dt) 、7 dt \dt ' a At) 
⑷ + 仲 〔 尝 力 I F ) (2.5.4) 
— — ' 
Using the above approximation, 
R e [ Z I ] = [ _ ) + 宇 字 + 学 4 宇 ] 彻 + 的 
L dco dt dco A at 
do) dt dco A dt A 
Referring to Fig 2. We have v + Re[ZI] = e(t). So, 
「 n , 、 T7. h dR(a)) d<p dX((o) 1 dA] . , ^ 、 
dco dt do) A at 
- [ ； ^ ⑷ + 恥 ) + 学 字 今 ] 如 ― 的 = e(t) 
\ , 、 dco dt dco A dt J 
We multiply both sides by cos(Q)t + (p) and sin((ot + (p) respectively and integrate over one period of 
oscillation, obtaining 
[ i ? ⑷ - 及 ⑷ + 学 字 + 学 喊 ） （2.5.5) 
\ , \ , do) dt do) A 出 A 
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F；^⑷ + 拟 ) + 学 字 - ( 2 . 5 . 6 ) 
、乂 d(o dt t/ty >4 c/f」乂 
Where = 三 f e(t)QO^{(Dt + (p)dt (2.5.7) 
To 山-To 
es{t) = r e{t)^m{(ot + (p)dt (2.5.8) 
Where To is the oscillation period. Rearrange equation (2.5.5) and (2.5.6). 
[ 警 - 丨 刷 + + | 勞 [ I F 
(2.5.9) 
A\_ d(o ” dm 
(2.5.10) 
^L dco 口 do) 
Equations (2.5.9) and (2.5.10) are the basic equations for the amplitude and phase of an oscillating 
current. In the steady state of a free running oscillation, =0, ^ KO =0, ^  =0 and ^ = 0 . Thus， 
we can deduce 
R{coo)-R{Ao) = 0, 
X{(Oo) + X{Ao) = 0 
the equations above determine the steady state oscillation frequency coo and amplitude A。. 
Suppose A somehow deviates from its steady state value A。by a small amount 5A such that 6A=A-
Ao. Then we have R(A) = R(Ao + di) 
R(A) = R(Ao) +——dA+.•..+ higher order terms 
By the first order approximation, R(A) = RiAo)+—SA and, similarly, X(A) = X(Ao) +—d4 
Page 2-21 
Chapter 2 Quasi-static analysis 
- M 
R(ah)-R(Ao) = —sRo 
Ao 
— /)y4 
X(a?a) + X(Ao) = —rRo (2.5.11) 
Ao 
Where R。is the value of ^ at A = A。，which is also equal to R(coo), and rRo and sR。represent 
( ( 
Ao and Ao ——respectively，as shown in Fig 2.5.3. 
V dA) \dA) 
T — . - - : - ^ ^ - ^^  
� r R o — — ^ ^ ^ AO 
Ro I \ L / ^ 
！ —L ^ > A 
Ao ^ 
Fig 2.5.3. R verus A; X verus A 
2.5.3 Conditions for Injection Locking 
Let the injection signal be given by e(t) = a。cos(似0, then from (2.5.7) and (2.5.8)，we have 
ec(t) == aoCOsO)，es(t) = aosin(识) (2.5.12) 
Since m may differ from the free running oscillation frequency coo, and A may differ from Ao, we can 
write 
R((Oi)-R(A) = - — M + AR ,X{(Di) + X(A) = ^AA-hAX (2.5.13) 
W h e r e , M = A-Ao,AR = R^qm)-Ricoo)and AX = 砂)一X(a)o) 
Substituting (2.4.12) and (2.4.13) into (2.4.5) and (2.4.6) gives 
[ - 堡 + M + + 咖） (2.5.14) 
dA do) dt dco A df J A 
-丞 + + 变 - 幽 丄 竺 l=-，siii � (2.5.15) 
ai dco dt c/^y 乂 ^ / f 」 > 4 
As the oscillator lock to the injection signal 字 = 0 and 字=0，(2.5.14) and (2.5.15) become 
at at 
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+ (2.5.16) 
OA A 
— A ^ + A Z = . - s i n ( ^ ) (2.5.17) 
dA A 
Re-arranging (2.4.14) and (2.4.15) gives 
I" 一鱼 M + M ] 幽 - [ 竺 A^ + A X ] 宇 + 学 2 _ ^宇 
dA do) dA do) do) Ac at 
= + (2.5.18) 
Ao L do) do) _ 
[一堡 + [竺 M + A；^]学+ 学 2 字 
dA 」c/fij L 劍 」do) do) dt 
= c o s ⑷ - ^ sin ⑷"1 (2.5.19) 
Ao\_ do) do) _ 
When the oscillator is lacked , — = 0 , ^ = 0 . Substituting these conditions into (2.5.18) an (2.5.19) 
dt dt 
and eliminating AA we have 
+ = — s i n ⑷ + 尝 cos⑷ ] (2.5.20) 
dA dA Ao[_ dA dA _ 
竺 / Ax i A 
Let tan(i9) = ^ y ^， then (2.4.20) becomes、严 ^ ^^ J = sinO + (2.5.21) 
/ ^ ^ X^ F ^  I 。 Z ^^ ^ [ L ^ J '^IMJ 
Since the magnitude ofsin((p-0) must be less than one, (2.5.21) leads to the condition 
丨严 ^^ 」 A < 1 (2.5.22) 
Equation (2.5.22) determines the possible locking range 
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Next, let tan(D = and substitute into (2.5.22). We have 
(2.5.23) 
do 
At the margin of the locking range, we have 
r \ 
沒二《+sin-i — , 1 and 识 一 < 9 (2.5.24) 
a) Stabilitv 
In the case of the large signal injection, ^ (>4) is no longer equal to R(Ao) and A is different 
from Ao by AA. For simplicity, we approximate the citcuit by a tune circuit. 
In this case, R(o))=Ra+RL 
X((o)= coL - ~^ « 2((0i - coo)L o)C 
Where Ra is the sum of loss and source resistance, 
RL is the load resistance, 
(Oo is equal to ， 
Q)i is the injection signal frequency. 
So, (2.5.5) and (2.5.6) can be written as 
{Ra^RL-R(A))A + = ec(t) (2.5.25) 
- 2 { ( O i 一 ( O o ) L A + X{A)A\ — 2L字=es{t) (2.5.26) 
W ‘ -
Put A=A+AA, e(t)=|五I轻欲识 and 识=识 + A^ p into (2.5.25) 
Ra+RL-R(A + ^ + + ^ = \E\ cos((p + A(p) 
Neglecting higher order terms, 
Ra-¥RL-R(A)\A^[Ra + RL-RiA)]AA-A—AA + 2L— 
= C O S ( A 识)-sin(^) sin(A^)) 
Since [Ra + Ri-R(A)]A = j五|cosO) 
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^KA F 
(2.5.25) => 2L— + — M . + sRl'M = -M/^cp ‘ sin(^) (2.5.27) 
dt A 
Similarly, (2.5.26) can be expressed as 
问 s i n ⑷ = . cos⑷ (2.5.28) 
A dt 
Eliminating AA from (2.5.27) and (2.5.28) gives 
d^^w 1「五 ， � „ VAp 五I�I五I . o C�SO + ^ 1A,« n 
de 2L A 、“ dt I}A A cos((9) 








2.5.4 Condition for Two signal injection 
Now，consider the injection voltage containing more than one frequency component. Say two 
frequency components. Then e(t) is given by 
e{t) = a\ cos((y lO + cii C0^((02t) (25.31) 
Where a\» ai and . jo? i — ty2| = Ac; 
Since the active device is a non-linear device, the resultant current contains higher order frequency 
components. In the following analysis, we are only concerned with first order response. Suppose the 
resultant current is given by 
Ht) = A\cos{(D\t-\-(p) + A2CO^(p)2t + + Aico^(ct)2t P) (2.5.32) 
Where A i » A 2 and A i » A 3 
With the first order approximation i(t) can be expressed as 
= +运） （2.5.33) 
Where A^Ax-^Aicos[(cyi-(Oi)t + 识-沒]+ > 4 3 c o s [ ( e y i - + 
1 
^ = <P-¥—\A2sinUcDi-eyi^4-^3sin [m-o)^t +p-<p\ 
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Assume the impedance of active device - R + j X change with time following the envelope of the 
current. The voltage drop across the active device is then given by 
V = - R ( A ) A cos((o\t + 釣 -X ( A ) A sm(o)\t + 
厂 T 
- \a2R (Ax ) + — — c o s { o ) 2 t + (9)- %\n{(02 + e) 
^ ^ 2 dA\ _ 2 洲 J 
L . —' 
^A^R(Ax)4-—— ^ i l co^ {m t + + sin((y3 + 々） 
L 2 傲 」 L 2 洲 J 
- [ i i ^ cosf(2tyi 一 co2)t smUlm 一 cD2)t -^Kp-O 
2 dAx ^^  ’ ^ _2 dAx . 
Xmm —J 
一 [ i l l 丞 ] c o s f (2cy 2 - — , + 2权一 H - [ 与 芸 1 2 - w ^ t ^ l O - c p 
L 2 dA\\ L 2 dA\] 
J CO 拟历 1 一 —, 丄]sinUlm - m)t + 2(p 一 p 
2 dAx ^^ , ^ dAx _ 
Imm —' 
L 2 d4i] 1 � ) H 2 dAx\ 
(2.5.34) 
Where 及(2) and X { A ) are approximated by Taylor expansion to the first order derivative 
及a)三及+ 5 一 ， a n d V i9A J V m y 
AA = — cos[(tyi一a)2)t •¥(p-0\ +—cos[(cyi-co-^t + 识一々 
2 2 
a) Stability 
Consider the case (02--(0\-Aey and 奶=a?丨 + Ao) • Neglecting higher order terms and 
spuroius frequencies. (2.4.34) can be expressed as: 
V = cos(ey 1/ + (p) sin(tyi/ + (p) 
COS(奶,+ (9)- sin((y2 + (9) 
2 <341 _ _ 1 -
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A 3 R ( A i ) c o s ( m t + /?)-\a3X(Ai) + — ^ 
2 dA\ 2 aA\ 
L. —J —' 
- c o i c o ^ t -¥20) - 0\- s\v)[mt-\-2(p-0 
2 dAx 气 沪 J 2浏1 J 
- — — A \ co^o)2t-\-2(p-B]- sm\(02t + 2<p-fi 
2 ail ^ y "J 2 浏1 J 
L . - J fc-
Then, the inregration of Re{ZI}+v = e(t) over a period of nTo after multipling by cos((02t+e), sin((D 
2t+0),cos(cD3t+P) and sin((03t+P) gives: 
乂1 盖C O S ⑷ + 盒 s i n ⑷ 
L . —J ^ 
二 r e(t) C0s((02t + e)dt = ec(t) 
一 [ 对 — J ⑷ + 去 + 寺 盒 c o s ⑷ 
= r e(0 sin((y2^ + 0)dt = esit) 
\RICO3) - R ( A ^ ) - 丄 导 COS ⑷ + 丄 芸 sin ⑷ 
\mm - J 
9 t 
=——f e(t) cos(co^ + 0)dt = el(t) 
n.To】t-nTo 
： 对 一 对 利 + * 盖 4 〗 + • 卜 盖 S I , 丨 盖 C O S ⑷ 
» J L 、 
= ( e(t) sm(Q)^ + e)dt 二 
Where S = 2 ' < p - p - e , 
In the case ofe(t)=0, the above equation gives A2=0 and Aa-O. However, i f 
R(co2, - R { A ^ ) R ( c m 一及⑷)一去盖 ^ 
X(CD2) + X{A^) + X(m) + + 
is satisfied, A2 and As can become finite. It results in parasitic oscillation.. So, it has to be 
avoided. 
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Consider only those frequency component of col ,m and 03 in which we are interested in.Neglect all 
the spurious signals. Since A i » A 2 and Ai»A3.Equation (2.5.15) can be reduced to 
v = - R{A\)A\ cos{p)\t-\-(p)- X{A\)A\ ^m{(o\t + cp) 
一 A2R{AX)+——AX Q0s{(02t + e)- A2X{A{)-¥——AX sin02 + (9) 
_ 2 浏1 」 L 2 aA\ 
一 A^R{A{) +——Ax co^imt^P)- + sin(奶 
• J L . 一 
(2.5.35) 
By thQ same approximation, The voltage drop across the impedance Z((o) can be calculated as 
follows. 
Re[ZI]=「/?⑷ + 字字+学字]ACQS—/ + … 
dm dt dm A\ dt 一 — ' 
• - ； ^ ( ⑵ 0 + 字 字 - " 字 ] 如 i — 炉 ） 
do、 dt d(0\ dt 一 — ' 
「 „ , 、dRipi) dO dX{p)2) 1 dAi'] . , , 
+ Ricoi) + ~~^~~-— + A2Qos(p)2t + 0) 
don dt d(02 Ai dt 
聽 — ' 
「 ^ 、dX{p)2) de dR(p)i) 1 dAi'X . . . ' . . 
- X i o y i ) + 7 - - - — Ai ^inimf^-O) 
d(02 dt don Ai dt 
+ / ? ( 0 ) 3 ) + ： —-— Aicosiwzt P) 
da)3 dt dan Ai dt 
L . J 
- - ； ^ ( 奶 ) + 学 字 - 字 ] I s 一 + (2.5.36) 
dm dt dm A3 at 
Multiplying Re{ZI}+v = e(t) by cos(®it+(p)，sin((oit+(p),cos(co2t+e),sin(a)2t+0),cos((o3t+p) and sin(o) 
3 t + P ) and integrating the results over a period corresponds to each frequency mm and ©3. We then 
obtain the approximate equations. 
[ -及⑷ + ⑷ + 字 字 + 学 4 • 尝 ] 二 + C O S ⑷ (2.5.37) 
V 7 \ , dm dt d(o\ A\ dt」乂 1 
[ - J ⑷ ⑷ - 字 字 + 学 + 尝 ] ⑷ （2.5.38) 
\ , do)\ dt d(0\ A\ dt」 
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"一[及⑷ + 土丞]+ + + 字 |42=«2C0S(的 （2.5.39) 
2 dii d(D2 dt dcoi Ai dt 
_ L J - J 
+ 对 ― + (2.5.40) 
dA\ 2 do)2 dt do)2 Ai dt 
' L> L J - J 
•；< 
+ + + + = 0 (2.5.41) 
2 dA\ dm dt dm As dt 
L I - - J 
- 一 [ j ⑷ + 丞 + 丄些]丄=0 (2.5.42) 
^ dAx 2 dm dt dm As dt 
L. —' 
The equation [2.5.31-36] is very similar to equation (2.5.5) and (2.5.6). It means that current 
amplitude and the phase change behave exactly same way in the injection-locked oscillator and 
free running oscillator. Consider the case that an oscillator is locked to signal ai only , A2 and As are 
very small so that the stable injection-locking condition is still retained. In this way, 
dAx ^ ^d<p ^dAi ^ ,de ^ dAs _ , dp 
——=0 and — =0,——=0 and —=0，——=0 and 子=0 
dt dt dt dt dt dt 
So, equation (2.5.31-36) will become 
-R(Ai) + R(coi) = -^cos(<p) (2.5.43) 
Ai 
= —sin(^ ) (2.5.44) 
Ai 
一 + = ^ c o s ( ^ ) (2.5.45) 
_ 2 Ml] Ai 
= 字 sin(的 （2.5.46) 
2 Ai 
- — "1 一 
一 Rf^AO-^—— +R((03) 乂3 = 0 (2.5.47) 
2 
• —I —I 
- 「 
一 - X(m) A3 = 0 (2.5.48) 
4 
L. L J J 
Page 2-29 
Chapter 3 Frequency Conversion of Injection-locked Oscillator 
CHAPTER 3 FREQUENCY CONVERSION OF INJECTION-LOCKED 
OSCILLATOR 
3.0 Introduction 
In this chapter, the frequency conversion properties of the ILO are investigated. 
To simplify the analysis, a single tune circuit configuration is used to approximate the 
network. In each section, a mathematical deviation is worked out to compare with the 
experimental result. Section 3.2 to 3.5 present the fundamental properties of the ILO 
in frequency conversion mode. Section 3.6 to 3.8 present the frequency response of 
the ILO in frequency conversion mode. 
Section 3.1 is the circuit description. The detailed circuit analysis of the testing 
circuit is worked out in this section. 
Section 3.2 presents the property of an injection controlled resistance . A simple 
relation between the negative non-linear resistance and the injection signal is worked 
out by using quasi-static analysis introduced in section 2.5. By observing the injection-
locked characteristics of the ILO, this property is verified. 
In section 3.3，the Q-multiplication behavior is discussed. A single tune circuit 
approximation reveals that the circuit Q is a function of injection power and is related 
to the ILO locking range. By measuring the reflection coefficient of the ILO, this 
behavior is demonstrated. 
Section 3.4 introduce the impedance conversion characteristics of the ILO. 
Generally, any network can be an impedance converter. In the case of mixer or other 
frequency converter，the impedance is converted from one frequency to another 
frequency. In this section, we make an assumption that the negative impedance at RF 
frequency is dominated by Y i i . The negative impedance at RF frequency is down 
converted to the IF frequency so that negative impedance also appears at the IF 
frequency. 
Section 3.5 discusses the amplification property of the ILO under LO's driving. 
At both RF and IF frequencies，the ILO has negative impedance • Thus, the ILO acts 
as a negative resistance amplifier at both RF and IF frequency. 
In section 3.6, the equations of conversion gain and the noise figure are worked 
out. The equations are based on the small signal assumption and the results in previous 
section. Conversion gain and the sensitivity measurement are conducted to verify the 
equations. 
Section 3.7 to 3.8 are the extension of section 3.5. Section 3.6 extends the 
analysis to including the large signal effect. Section 3.7 extends the analysis to the 
frequency far away from the operation frequency. 
Section 3.9 is the conclusion of this chapter. 
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3.1 Circuit description 
H H H H H H B H H H H H H H H 
The test circuit is a 丨 
= 二 二 — 
type oscillator. To act as a |||||||M 
one port oscillator, we 
simply terminate port 3 by Fig 3.1.1 The testing circuit 
a 50 n load. 
The schematic diagram of the testing circuit is shown in figure 3.1.2. The circuit is 
operated in a supply voltage 3 V. The biasing voltage of Q1 is Vc = 2.473 V , Vb = 1.254 V 
and Ve = 0.523 V. The collector current is 1.12 mA. L l is a dielectric resonator (DR). The 
equivalent circuit of the DR can be represented by a parallel single tuned circuit with 
inductance = 7.698 nH，capacitance = 7 pH and the resistance = 7716 Q [63] . An AC 
equivalent circuit is shown on figure 3.1.3. 
To analyze the circuit under the locking condition, we have to simplify the circuit as 
simple as single tuned 
circuit ，shown in fig 
• • 'jjjii' ‘ • •••； 
2.4.1. Before we C7 ——_ L < PORT 3 
proceed to further 丄。广 
, 9 c 丁 C6 
analysis，we make the ^ ^ i ^ 
following deduction. | 
C1 C2 H h ^ ^ L3 C5 PORT 2 
PORT 1 ^ |~|~~I 4 | _ < 
Fig 3.1.3. An AC equivalent circuit of figure 3.1.2 
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Chapter 3 Circuit description 
I 11 I I 12 12 
I - J - ( o O > O ) — I 
/K I I 
n Yl VI [Y] V2 Y2 
L A - _ o o o〈 G~-J 
Y(V) 
Fig. 3.1.4 y-parameter representation of a 2-port circuit. 
Figure 3.1.4 show the typical y-parameter representation of any two port network. As far 
as a port is concerned, we can see a equivalent admittance Y(V) and current source 1' at port 
2. Where Y(V) is given by, 
= (3.1.1) 
Where Y i is the source admittance of the signal source Ii. 
To find the equivalent current source I', we consider the following equations 
r / , = yii.Fi+yi2.F2 
\/2 = 721-^ 1+722 •F2 
From figure 3.1.4 , we have / i = / -Fi .厂 i and substitute into (3.1.2). It give 
Yty 
l2= I + Y{V)V2 (3.1.3) 
Therefore the equivalent source 1' is given by 
721 
/ • = - 一 ( 3 . 1 . 4 ) 
7n-7ii 12 
From the view of port 2, figure J" Z E ： ° ^ p u 
3.1.4 can be simplified to a circuit shown ,, C j 、，,、，、 
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3.1.1 One Port Equivalent Circuit 
Before the deduction, we have to clarify the definition of one-port circuit and two port 
circuit configuration of the ILO. The one-port circuit means that the RF port and IF port are 
physically on the same L C |2 1 O C H ^ 
port. On the other hand, L r h L 个 
when the RF port and IF IVo W Y (V ) i - j - E Y 2 Q 
port are located on two I ' x L ^ [ \ 
different port，then it is a E 二 V • cos(a.r + r ) 
two port circuit. In this • • … a 
, , Figure 3.1.6 The one port equivalent circuit of ILO. 
moment，we neglect the ® 
LO port. To analyze the ILO which acts as a one port circuit，it has to be converted to a 
simple circuit like figure 3.1.5. I f we take a reference plane between C3 and L3 and make 
series to parallel transformation on L3 and C5, the circuit can be simplified to that shown on 
the right in figure 3.1.6. 
Suppose the injection source ILO and Lf give the resultant voltage ELO and Erf across 
Y(V) respectively. The resultant voltage E is that of both ELO and Erf . Then V is given by 
V = \ELo + Err\ .From (3.1.1) and (3.1.3), the equivalent LO injection current and admittance 
are given by 
〜 = 点 血 。 （3.1.4) 
Let PLO be the free running oscillation output power on the Port 1. The output power 
P'LO on Port 2 is then given by 
PLO (3.1.5) 
722 + 72 
Which is under the condition of + + 二 712.721 and the source resistance 
being equal to the load resistance. 
Let ho - loCo^icoLot) and Iff = /rcos(cw^). 
ELO = V QO^ICOLOT + (p) and Erf 二 Vr cos(cy^) 
The available power from the signal is given by 
Pio - and Vrf = ^ ^ 
厂2 
The RF/IF output power is then given by Po =— 
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3.1.2 Two Port Equivalent Circuit 
First, the circuit is broken apart as shown in figure 3.1.7. and transformed to the circuit 
shown in 3.1.7. 
Port 3 
I 卜 
reference 乂 [2工C6 —o 
plane ^ • ^ 
Y(V) > ^ YIF 
C1 C 2 H 卜 C 3 l 3 C 5 丨“ 
H 卜 L l R o I 6 
¥ 4 4 h 去 ^ ^ 
Port 1 Port 2 
YLO 
Fig 3.1.7. 
From the IF port, the LO signal and RF signal source are transformed to a new quantity 
I'LO and IVf shunted by an admittance YLO and Y(V) respectively. 
L C I 丨f 
？ [ ？ P n 
^-L L 个 
I ' l o Q YLO Y { V ) Q 丨 T E YL 
Fig 3.1.8 
Similarly, the equivalent current source of LO and RF signal are given by 
YLO 严 
V' 
The RF/IF output power is Po = —Y^ 
Page 3-6 
Chapter 3 Injection Control Resistance 
3.2 INJECTION CONTROL RESISTANCE 
3.2.1 Introduction 
I f an oscillator is under the influence of external signal，its non-linear resistance will be changed 
to adapt to this external force. It is due to the self-limiting property of an active device. Any active 
device have this behavior. We use a simple circuit in figure 2.4.2 as an example. In the case of 
external signal being injected into the oscillator, the current flowing through the active device is 
composed of both self-oscillating current and external injection current. The self-limiting action will 
proceed, i f the envelope of the current is over the limit. When the injection signal is small, the 
envelope of the resultant current is dominated by the oscillation current and its amplitude well 
limited. I f the injection signal is further increased, the envelope of the resultant current will cross the 
limit. By this time, the active device will adjust its gain so as to reduce the current amplitude not to 
be over the limit. Very often, the change of gain leads to reduction of self-oscillation current 
amplitude. Further increment of external signal can bring about the total suppression of the 
oscillation. I f we look at this self-limiting action in another way, we can make the following 
explanation. 
According to the negative resistance oscillator theory in section 2.1.3 and 2.5.1, in the steady 
state of an oscillation，the summation of the load impedance and the device impedance is equal to 
zero. R(p}o) - R{Ao) = 0 and X{p)o) + X{Ao) = 0. In the case of external signal injection, the active 
1 
device's gain reduction leads to the change of device impedance. The non-linear negative resistance 
and reactance are adapted to the external force. In this thesis, we call this change of the non-linear 
resistance as Injection Controlled Resistance (ICR). 
Referring to (2.5.14-15), the relation of the non-linear impedance and the injection signal in the 
un-locked state are given by 
「 汲 • 』 i n ^ i p ) ) d(P dXicoi) 1 dA\ ao 
dA do) dt c/ey 」i4 
^A do) dt do) A df J A 
Referring to equation (2.5.16-17), the changes of the non-linear impedance by the injection 
signal in the locked state are given by . 
- ^ A A + AR = - c o s ( ^ ) and ^ A A + AX=-^sm(<p) 
The in-phase components of the injection signal affect the non-linear resistance. The 
quadrature phase components affect the non-linear reactance. In the past, we only pay attention to 
the quadrature phase component of the injection signal. Here, in the frequency conversion mode, the 
in-phase component plays the main role. 
The injection locking mechanism，to some extent, can be described in this way: 
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As no signal injects into the oscillator, the oscillator is free running. I f an injection signal is 
present, the non-linear impedance will be changed by the injection signal in the following way: 
The non-linear reactance is shunted by the virtual capacitor or inductor whose value depends 
on the quadrature phase component of the injection signal. So，the oscillator can oscillate at the 
injection frequency. On the other hand, the non-linear resistance is shunted by the resistor whose 
value depends on the in-phase component of the injection signal. So, the oscillation of the injection-
locked oscillator at the free-running frequency is suppressed. 
I f we re-arrange equation (2.5.16) and (2.5.17), we have 
M = — c o s ( ^ ) (3.2.1) 
OA A 
= - — A / 1 - - s i n ⑷ (3.2.2) 
dA A 
In the steady state of injection locking, the change of non-linear resistance relies on the device 
non-linearity and the injection signal. Equation (3.2.1) shows that change of non-linear resistance 
increases with the injection signal and the phase angle. The phase angle is related to the ILO locking 
range. 
To study the effect of the large injection signal to the non-linear resistance, testing circuit in 
figure(3.1.1) and a test setup in figure (3.1.2) were used. 
3.2.2 Measurement Setup 
Firstly, the circuit is arranged as a reflection type oscillator. 
To study the injection locking phenomenon，Port 1 and Port 2 are connected to the RF signal 
generator and the spectrum analyzer respectively and Port 3 is terminated by 50 Q. The setup is 
shown in Fig 3.2.2. In 
order to minimize the 
loading effect of the S p e c t r u m I g § i 
• ^ • • • • 
signal generator to the ana lyzer 
tank circuit, the 9 j 
coupling capacitor C I Rp s ignal L . 2 
is chosen as small as generator ^ ~ 
possible. l ^ ^ n o ^ H ^ ] Port 3 
• • • • • • • • • ^ M~~[ DUT ^ — 
Port l L 丄 
Zo 
y 
Fig. 3.2.2 Test setup to study injection locking 
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3.2.3 Measurement and Experimental Results 
！ — 卜 
； QdBm 330.5MHz S0MHz 




I 7 f . " . U L L 丄..J•“丄 I 丄 
• 」 . J L k j 丄 丄 5T 10ms/ ATT lOdB UF IMHz 
ST 10*18/ ATT ledB UF IMHz 
(b) A -20 dBm signal at frequency 320 MHz inject to LO 
(a) Free Running oscillation at frequency 349.3MHz poj^ 
1 • — 
, 加 CMU cqmHz 0dBm 338.5MHz ^WHz 鬥 ？ I m " m 3K5 qHHz| I I I P f HMf spsn IHz l^^Y __LlBBkHJu 
； = 2 A J Z d l m — 皿 Id 
‘ ^^ ^^ ^ — • • • , — • I \ 
AUMI . d i f c i i 義」•丨— c __ I mic 
I ST 10ms/ ftTT 10dB UF IMHz sT 丄0ms/ fiTT 10dB MF lllHz 
(c) A -10 dBm signal at frequency 320 MHz inject to LO port (d) A -7 dBm signal at frequency 320 MHz inject to LO port 
_ • 一 
0dBii 338 5rtHi SBMHz 
m HH? f i f lBUUw Fig 3.2.3 A sequence of events of an 
“ oscillator under the influence of injection 
、 signal at different power level. 
P . _ _ — 
I = : 
» 
Mill — MJhkttiuiiMlJiAAiLMdlliiyiiiliiiiAlic 
ST letns/ ATT 10dB UF IMHz 
I (e) A-6 dBm signal at frequency 320 MHz inject to LO port 
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i _ ~ , 3 3 3 7M二z smnz 333,7MHz S^MHz 
i " u ^ f L n 1 j M I T 邱 " H H z | I i 、 i I I m ^ 
=2BJmm leMdlaui IZlldhw 
# 
t — — 1 — — — •• •, ——^ ―^——— ^― • 4 < <1 I 
！‘ 
I ‘ — — • • • ' 一 - — _ _ _ _ 一 — •• • — — ^ 
Li hlkmdMk^mmt I l i l i i III M iTiJlLi iJc Lii jl iL _ _ uLih] mm mi^ iwJiui _ c 
ST 10ms/ RTT i0dB UF INHz ST 10ms/ RTT 10dB UF IMHz 
(a) A-6dBm signal at frequency 313MHz inject to LO port (b)A-6dBm signal at frequency 316 MHz inject to LO port 
" I gtfg!； 333 711Hz _ 3 3 8 . 5 t 1 H 2 
^ ^ F L n L i t t lilf 3H9.qHH.| I I m f 
: =BBSidlm 逃 划 ID -——"jaufaup 
I 
. d W z S z 日 圭 = 
“ ] 」 I L i "L』.L • L ^ l j L i i i M f c A ^ " L " J I L L 」 . 』 丄 . 」 " 丄 ^ 广 
““ ST lOtts/. RTT 10dB UF IMHz ST IBms/ ATT 10dB UF IMHz 
_ (c) A -6 dBm signal at frequency 317.5 MHz inject to LO port (d)八 胆爪 signal at frequency 320 MHz inject to LO port 
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3.2.4 DISCUSSION 
The figures 3.2.1-2 shows that the free running oscillation amplitude of the ILO is reduced 
when the external injection signal level increased. Eventually, the free running oscillation is subdued 
as the injection level is sufficiently high. Figure 3.2.4 shows that the free running oscillation 
amplitude of the ILO is decreased when the injection signal moves towards the self-oscillation 
frequency of the ILO. Consequently, the oscillation is totally suppressed as the distance between the 
i injection signal frequency and the self-oscillation frequency is sufficient small. From the viewpoint of 
the negative resistance oscillator theory in section 2.1，the necessary and sufficient condition for 
oscillation is - 及 + = 0. In the previous experiment, the load resistance R(a)) is fixed. So, 
the only factor to affect the ILO free running oscillation is the change of the non-linear negative 
resistance -R{A). From the above results, the non-linear negative resistance tends to be less 
negative i f the injection signal increase or the injection frequency is close to the ILO self-oscillation 
frequency. Another phenomenon found in the experiment is that the amplitude of free running 
oscillation reduced suddenly when the injection signal is sufficient large or sufficient closed to the 
free running oscillation signal. 
3.2.5 Conclusion 
The large signal injection property of the ILO is investigated in this section. This section also 
establish another view to the injection locking phenomenon. For large signal injection, the non-linear 
impedance of the active device is modified by the injection signal. The in-phase component of the 
injection signal alter the non-linear resistance and the quadrature-phase component alter the non-
linear reactance. I f the injection signal is sufficient large，the self-oscillation of the oscillator is 
suppressed. In this section，it is found the locking process is slightly different from the signal 
. l o c k i n g process. For small signal injection, a spectrum of side-bands usually appear around the 
^ injection signal and the free-running oscillation signal at the instant of locking [2]. This side-band is 
due to the phase perturbation of oscillator by the injection signal [5]. By the results of figure 3.2.3-4， 
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3.3 Q MULTIPLICATION 
3.3.1 丨 ntroduction 
In the injection-locked state, the overall resistance of the ILO is positive but smaller than 
the load resistance. Effectively, the circuit Q is higher than the loaded Q. This enhancement on 
the Q value is called Q multiplication. 
As the oscillator acquires lock, the impedance appearing to the injection signal is given 
by 
Z(A) = -R(A) -hAR+ j ( I ( A ) + M ) 
Where A^and AX come from (3.2.1) and (3.2.2). 
Assuming that another signal Es is injected into the network and the amplitude is much 
smaller than the previous injection signal. The impedance appearing to Es can be expressed as 
(2.5.43-46) 
Z ' (A) = -R{A) + j { X ( A ) + AT') 
Assume that the tuned circuit behaves similarly to the single tuned circuit near the free晒 
running frequency. So, we approximate the network by a simple single tuned circuit as a model 
so as to simplify the analysis. Consider the single tuned circuit shown in Fig. 3.3.1 I 
< 
L 
丁 c r S „ Ro 
J - R ( A ) T 
j R i Es 
Fig 3.3.1. A schematic diagram of a single tune circuit 
Let Ri = internal resistance of the signal source 
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Ro = the output port loading resistance 
I = the steady state current which is given by 
I = Acos((ot) 
A = the magnitude of current 
R(A) = the non-linear negative resistance 
The circuit shown in figure 3.3.1. is a simple series resonance circuit with a negative 
resistance connected at one end. The circuit will become an oscillator i f the negative resistance 
is larger than the circuit resistance. 
The steady state current is given by 
/ = . (3.3.1) 
Rs+Ro-R{A)+j(coL - ~ - ) 
coC 
一 —• 
The circuit Qc is defined as 
Qc = ^ ( 3 . 3 . 2 ) 
The Loaded QL is defined as 
QL = — (3.3.3) 
乂 Ro 
The voltage across Ro is given by 
Vo 二 ^ ^ (3.3.4) 
Rs + Ro-R(A) + j{o)L - —) 
The voltage gain is then given by 
Gv 二 2 = ^ ^ (3.3.5) 
Es Bs + Ro-R(A) + K^L-—) 
Now, consider the case that the circuit shown in figure 3.3.1 is an injection-locked 
oscillator. The frequency of the injection signal Es differs from the free running oscillation 
frequency. I f we inject a very small test signal into the circuit and sweep across the whole 
frequency spectrum, we will find the following observations: 
(a) The circuit Q will change with the injection signal Es. 
(b) The gain-bandwidth product is a constant. 
Let coo and Ao are the free running oscillation frequency and current amplitude. At free 
running oscillation, 
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\ LC 
By equation (2.5.43) 
Rs+Ro-R(A) =—cos ⑷ (3.3.6) 
A 
Where A is the resultant current as the oscillator acquire locked, 
(p is the phase difference between the injection signal and the oscillator. 
So, the voltage gain of the test signal will be 
Gv = j r - — (3.3.7) 
A o)C _ 
The circuit Q is then given by 
Qc = — ( 3 . 3 . 8 ) 
3 cos ⑷ A 
From equation (3.3.8)，it shows that the circuit Q increases as the injection signal 
power decrease or the injection signal moves away from the free running oscillation frequency. 
At the free running oscillation frequency , the circuit possess maximum gain 
Gv(max) = -p———=• 
_A _ 
G一ax)•士 = 宰 
=丄 （3.3.9) 
QL 
Equation (3.3.9) shows that the gain-bandwidth product is independent of the injection 
signal. To study how the circuit Q changes with the injection signal, the test setups in figure 
3.3.2 and testing circuit 3.1.1 are used. Since the setup is to measure the reflection gain , 
equation (3.3.7-9) has to be transformed to the relevant representation. 
一 _ f 1 ^ 
From (3.2.1) Let Z(A) = Ro-R(A) + jj^coL- — J (3.3.10) 
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The reflection gain is given by F ⑷ = 2 ⑷ - 之 。 (3.3.11) 
Z{A)-\-Zo 
Substitute (3.3.10) into (3.3.11) gives 
- ( 1 ^ 
T V ) = ^ (3.3.12) 
R。— R(A) + Ri+ jlcoL 
V wCJ 
- r 1 V 
Ro -R{A)- Ri+JUDL 一 ~ — J 
The reflection gain = | r ( ^ ) f = j — — ^ (3.3.13) 
Ro-R{A) + Ri+j\(oL一"-
V coCJ 
At the center frequency 
、) Ro-R(A) + R 
From 3.3.6, we have 
2 
| r 0 4 ) | 2 = 〜严 ) - 凡 (3.3.14) 
3 cos ⑷ A 
Equations (3.3.14) reveals that the reflection gain reduces as the injection signal increase. 
Alternatively, the phase difference between the injection signal and the free-running oscillation 
signal also affects the reflection gain. The reflection gain increases as this phase difference 
increase. This phase difference is related to the locking range of the ILO. Re-arrange (3.312), 
we have 
1 。 凡 2 2 d) 
1 - 2 - — + Qc 
『2 一 A/? 他 2 ⑵ (3.3.15) 
, ^ 2 0) 0)o 
\+Qc 
CDo 0) 
Where AR = ^cos(<p) (2.3.16) 
A 
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3.3.2 Measurement Setup of Reflection Gain/loss 
The test setup is shown on figure 3.3.2.The setup actually is to measure return loss. To 
measure the reflection gain, first we have to find out the usable range of the test setup. We 
disconnect the DUT ‘ “ 
from port IN of the Spectrum gggg 
directional coupler analyzer | 吕吕吕吕 
and leave it open. We D p o 卩沉t out ( 
20 dB coupler 
measure the power Tracking generator output I __, 
1— ？ 1_ CPL OUT 
appearing on the 
spectrum analyzer as RF S»gnal Port 2 " 
^ generator 
PI. Then we connect h 丨丨 ！丨 
r r ^ 1 X • • • • • • •口 • 一 Port 3 a 50 Q termination to • • • • • • • • • 0-|—丨）[ d U T ] i 
port I N of the Port 11 1 ^ 
directional coupler 2a 
and measure the I I 
power known as PO. 々 
PO defines the lowest — 
measurable limit of Fig. 3.3.2 Test setup to measure the reflection gain . 
the system. PI is the reference power to calculate the reflection gain. Here the reflection gain is 
defined as L = Pm _ PI dB 
Where Pm is the power appearing on the spectrum analyzer when the DUT is connected 
to the port IN of the coupler. To measure the reflection gain，the internal compression of the 
spectrum analyzer has to be taken care of In the measurement, the output power of the 
tracking generator is adjusted to -40 dBm so that there are 40 dB usable linear range between 
compression point and the reference point. It means that there are 40 dB usable range on the 
measurement of reflection gain. At the same time, the setup can achieve 20 dB usable range to 
measure the reflection loss. The effective usable range is therefore 60 dB. 
a) Theory of Measurement 
Let the directional coupler be modeled by a 3-port S-parameter. Port 1 is CPL port, port 
2 is OC/rport and port 3 is IN port. The termination of port 3 is Tin. 
»S'31-rm-iS'32 
i312H —-Pm 1 - i3 33 • Lin f 2 
= « 1 in 
Pi p 5 ^ 3 2 ' 
Assume S33 = S22 = Sii = 0，the directivity of the coupler is very high so that S12 = 0. 
Normally the directivity of the directional coupler is about 30 dB at this frequency range. 
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3.3.3 Measurement and Experimental Results 
• The Display setup: 
Span = 5 MHz/div 
Center frequency = 350 MHz 
Sweep signal power = -60 dBm 
The injection signal frequency 
=320 MHz 
The power level of injection signal is as 
Follow: 
The upper trace :-4dBm 
2nd upper trace :-3 dBm 
3rd trace :-2 dBm 
4th trace >1 dBm 
5th trace :+l dBm 
Fig 3.3.4 Reflection gain of an oscillator driven by large 
signal with different power injection level. 
• i m m m m m m m m i The Display setup: 
l l l l i l B M i l ^ l l l l l l l l l l l l l l l l l l l l l l l l Span = 5 MHz/d iv 
i m i l i m m ^ ^ m i j m U center frequency = 350 M H z 
m i H I I I I I I P i l M l 圓 I l l H l l i m i l l l l Sweep signal power = -60 dBm 
| | | | | | | | | | l l l i l i i l | | | | | | | [ | | | | | | The injection signal power = + l d B m 
I I I I I I J I I I I I I I I I I I I I I I M H J The frequency of injection signal is as 
I l l P ^ ^ l l l l H l l l l l l l i m i m i l l Follows: 
The upper trace : 311 MHz 
2nd upper trace : 312 MHz 
3rd trace ： 313 MHz 
g M j j B i i B ^ 」 _ _ _ _ | | 4th trace ： 315 M H z 
l i l W 圓 I I 誓 I • 國 面 _ 圓 圓 5 t h trace ： 320 M H z 
M l i l i l i i i l i i l B i l l l l ^ ^ ^ 6th trace : 322 MHz 
Fig. 3.3.5 Reflection gain of an oscillator driven by a large 
signal with different injection frequency. 
3.3.4 Discussion 
Figure 3.3.4 shows that the circuit Q and the reflection gain increase as the injection 
signal decrease . In figure 3.3.5，it shows that the circuit Q and the reflection gain increase as 
the injection signals move further away from the self-oscillation frequency. When the frequency 
difference between the injection signal and the self-oscillation frequency increase, the phase 
difference of their resultant signal in injection-locked state is increased too. So, figure 3.3.5 
shows the increment of phase difference increases the reflection gain and the circuit Q. 
To make further comparison with the theory, Ro=50, AR=2,5,10,15,25 and 
Oc = 258.87 are substituted into equation (3.3.15) we have 
^ tsR 
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— — I • 一 丨 _ • ^ ^ ― — ^ ― “ • “ ‘ ^ ^ ― ^ ^ ^ 
I I I ‘ ‘ 
^ k , 1) 30 - 八 -
；』 j / \ 
’ k」） ^ ^ ^ ^ ^ 〉 - - … 
Ref „。10 一 • “ 、 、 、 ^ ^ -
1" g ^ r ^ ' .••••••.-•-•.."•...•” 
,5.81155, n I I I 1 1 
"320 330 .340 350 360 370 380 
,325.25, u375. 
Fig 3.3.3 A simulation of the reflection gain by equation 3.3.15 with different value of AR. 
The upper trace in figure 3.3.3 is of AR=2, whereas the lowest trace is of AR=25. It 
shows that the 3dB bandwidth is a decreasing function of the normalized resistance AR which 
is very consistent with the figure 3.3.1-2. Figure 3.3.1-2 also show that the frequency of 
maximum reflection gain decrease a little bit as the injection signal increase or the injection 
frequency is moved towards the center frequency. It is due to the change of non-linear 
reactance by the large injection signal. However, this effect is omitted in the equation 3.3.15. 
Note: 
The loaded Qext of the circuit is first measured by the injection-locking technique. From 
section 2, the relations of the locking bandwidth and the loaded Q can be approximated by 
Aey〜胁 I 
Qext V Po 
Using the identical setup of section 3.3.2，the RF signal generator is turned off and the 
output power of the tracking generator is adjusted to -30 dBm. The following results were 
obtained. 
Po 
AC9=1.7 MHZ，OOO = 350.4 MHz and « 32dB 
The Loaded Qext is estimated as 5.177. 
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3.3.5 Conclusion 
In this section，the relations of the circuit Q with the injection signal is agreed with the 
theory. However, its accuracy can not be verified. In the simulation, the normalized resistance 
AR is used . The simulation w i t h M = —cos(^)is omitted since the quantity of current A is 
A 
not known. However, equation (3.3.16) can show the change of AR which is agreed with the 
measurement results. When the injection signal increase, the corresponding locking bandwidth 
is increased. It leads to the decrease of the resultant phase angle cp and brings about the 
increment of AR. This increment of AR leads to the reduction of the circuit Q c and the 
reflection gain. On the contrary, as the injection signal decrease, the corresponding locking 
bandwidth is decreased. This time, AR is decreased and the step of change is increased when 
the injection signal frequency approaches the locking bandwidth. It can be verified be the 
results of figure 3.3.1-2 which show the change of reflection gain/circuit Q c increases in the 
condition of near the locking bandwidth margin. As a whole, the theory can predict the change 
of the circuit Q with injection signal. 
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3.4 IMPEDANCE CONVERSION 
3.4.1 Introduction 
Generally, any linear two-port network has a property of impedance conversion. 
In the case of mixer or other frequency conversion network, the case is a little bit 
special, where the impedance is converted from one frequency to another frequency. 
As in previous sections，the circuit can be approximated by a single tuned circuit at the 
frequency near the free-running oscillation frequency. 
r I 1 yi2 Y21 r x . n 
M Y S M Y . 執 l A M Y L 




Port 1 is the RF input port and port 2 is the IF output port. 
Yin = Y\\ — a n d Yout = ¥22-——-
YL + Y22 YS + YU 
Let Yir,-\-Ys = AYin, (3.4.1) 
Yout-\-YL = AYout (3.4.2) 
Where AYin = ^ ” ’ 
Yl-\-Y22 
(Yu + Ys)-(¥1 +¥22)-¥12'Y21 
八 Ynut — 
75 + 711 
At free-running oscillation, Yin + 1V= 0 => Yout + Fi： = 0 .It means that oscillation 
at Port 1 causes the oscillation at Port 2. Before the oscillation occur, the negative 
admittance is built up at Port 1. This negative admittance is then translated to Port 2 by 
the following relations. 
AYout YL-^YH _ YL + Y22 
二 Mout = Min 
^Yin Ys + Yu Ys + Yu 
z=>^Yout = K'^Yin (3.4.3) 
Where K is defined as the impedance conversion factor . 
The admittance Y s + Y i i is approximated by a single parallel tuned circuit. Where, 
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Ys^Y(a)) 
一 r 1 、 
Yu = -Y(V) + j CO'C一”— 
V CD'LJ 
The converted output admittance is given by 
Yout = K.AYi”-YL 
Let Oc = , ？。义、= ,、~~」，、•！ ，and Aco = 0)-0)o,0)» Aco 
^ Y{co)-Y(A) [7(0))-：^ (州6)。广 
The effective output admittance can be expressed as 
I 
Yout = K • \y(co) - Y(V)] • f 1 + 2 y g c — 1 - Yl (3.4.4) 
V Oh J 
At the center of the frequency band, it gives maximum conversion gain, such 
that 
Yout = K. [y{CO) - Y{V)] 一 YL (3.4.5) 
By using the results of section 2.5，we simply substitute the resistance terms by 
conductance terms, voltage terms by current terms into (2.5.16) 
We have 
- — A F i + Ay = —cos(^) (3.4.6) 
1 V\ 
Where ii is the injection current, 
V i is the amplitude of oscillation voltage, 
Y is the circuit admittance. 
Similarly, (2.4.45) become 
- F ( 印 舍 cos ⑷ + 令 .条 （3.4.7) 
H V\ DF 
For small signal approximation, assume—cos(^) « — 
Re-arranging (3.4.7)，we have = — cos(^ ) -Ay .For a single 
2 ov 1 2 Ak VK 1 / 
tune circuit AY=0. So, we have ^ . = \ . c o s ( ^ ) . (3.4.8) 
1 DV\ 2 AV 
Substitute (3.4.8) into (3.4.7)，we have 
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-YIV^) + Y(C02) = i — c o s ( ^ ) (3.4.9) 
Substitute (3.4.9) into (3.4.4)，we get 
Yout = K-—cos((p). f 1 + 2 7 2 c — 1 - YL (3.4.10) 
2 AV \ OH J 
At the ILO self-oscillation frequency Aco = 0，such that 
Yout = K'-'—cos ⑷ - Y L (3.4.11) 
2 AV 、” 
K J、 
Yout will be negative i f —. cos(识)< YL . 
Equation (3.4.10) shows that the output admittance is a decreasing function of 
injection current and increasing function of phase difference cp. 
To study the impedance conversion, the reflection coefficient at both ports are 
measured. 
3.4.2 Measurement and Experimental results 
• Fig 3.4.1 The reflection gain of the 
ILO under the injection of + 3 dBm 
signal at frequency 320 MHz 
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• Figure 3.4.2 The reflection gain of 
an ILO under the injection of 0 
dBm signal at frequency 320 MHz 
• Figure 3.4.3 The reflection gain of 
an ILO under the injection of -2 
— _ 
• Figure 3.4.4 The reflection gain of 
the ILO under the injection of -3 
dBm signal at frequency 320 MHz 
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• Figure 3.3.5 The reflection of the 
ILO under the injection of -4 dBm 
signal at frequency 320 MHz 
• Figure 3.4.6 The reflection gain of 
the ILO under the injection of -4 
dBm signal at frequency 321 MHz 
• Figure 3.4.7 The reflection gain of 
the ILO under the injection of -4 — 
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• Figure 3.4.8 The reflection gain of 
the ILO under the injection of -4 
dBm signal at frequency 323 MHz 
• Figure 3.4.9 The reflection gain of 
the ILO under the injection of -4 
dBm signal at frequency 326 MHz 
• Figure 3.4.10 The reflection 
characteristics of the ILO at free-
running oscillation 
Page 3-25 
Chapter 3 Impedance Conversion 
3.4.3 Discussion 
Figure 3.4.1-5 shows that the reflection gain at RF frequency and IF frequency 
increase as the injection signal decreases. It means that the negative impedance at RF 
frequency and the converted IF impedance tend to more negative as the injection signal 
level reduces. Similarly, figure 3.4.6-9 show that the negative impedance at RF 
frequency and the converted IF impedance tend to less negative as the LO injection 
frequency moves toward the free-running oscillation frequency. 
3.4.4 Conclusion 
The impedance conversion property of the ILO is investigated in this section. 
The ILO, like any linear network, convert the impedance at the RF input port to the IF 
output port by the high level LO injection. As described by (3 4.3)，the negative 
admittance at the output port changes with the negative admittance at the input port. It 
is verified by the reflection gain measurement in section 3.4.2. The reflection gain at 
both RF and IF port can be varied by the injection signal in the same direction. 
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3.5 NEGATIVE RESISTANCE AMPLIFICATION 
3.5.1 Introduction 
When the ILO operates in the frequency conversion mode, it has negative admittance at 
both RF and IF port because of the impedance conversion. With the negative admittance at RF 
port, mixer process converts the RF port admittance to IF port. Here, A 2-port y-parameter is 
used to represent the ILO. Port 1 is RF port and port 2 is IF port. 
a) Small Signal Response 
The reflection gain is given by 
Gir = |r丨”|2 = — — (input reflection gain) 
Yo + Yin 
Y 一 Y ( ^ Gor =———— (output reflection gain) 
Yo + Yout 
As the network is approximated by a single tuned circuit at port 1. 
( 1 ^ 
711 =-7, + j coC一~-\ (DLJ 
Yin^Yu 
( 1 
Ys-^Yi-j ( o C -
r , 二 ) _ _ ^ (3.5.1) 
Y s - Y i + j \ o ) C -V (oLJ 
Ys-^Yi - A o ) 
2 JiJ,C ^ « i i ^ — — w h e r e Qc = (3.5.2) 
, ’ .n Afi) Ys-Yi 
1 + 2泌—— 
(Oo 
So, _ _ ^ (3.5.3) 
Oh 
A � + At band center GiAAct) = 0 ) = - — 
Is — li 
Similarly, Yout = + I j Q c — 1 - YL 
V Gh J 
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/ A � 2 
2'Yo-K'^Y\\•¥2jQc' — \ 
Gor = j-^ � J where ^Y = r广K (3.5.4) 
V (Do J 
At band center Gor(A(0 = 0) = ^ ^ ( 3 . 5 . 5 ) 
K • AY 
Substitute 3.4.8 into 3.5.3-5, The reflection gain of the input port is given by 
1 ?1 . S (Oo 
G. = A and Qc = ~ (3.5.6) , ^ Aco 1 / 1 , � 1 + 272.—— cos(^) 
COo 2 AV 
K'' 
2 
+ Yi At band center, Gir = ^ . ‘ (3.5.7) 
1 . . / A \ 2 
I'Yo-K . 全 去 c o s �� + 2 
The output reflection gain Gor = p-r 了 � (3.5.8) K———cosf®)- 1 + 2 7 2 ^ - — 
2 A F V J乂 （OO) 
1 /I 2 
at band center Gor = (3-5.9) 
K cos(®) 
From equation (2.5.20) we have 
现A D汲A V 「汲w、丄孜 /、 
dA dA Ao^ dA dA _ 
Using Y-parameter representation (2.5.20) can be written as 
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^(V) A v 厂）Ax^ h � 厂）• .、 ^(V) (、"！ + = ^ s m ( ( p ) + — ^ c o s ( ( p ) (3.5.10) 
^ O^ V ^ OV 
L —J ‘ . 
For a single tune circuit, AY = 0 
Re-arrange (3.5.10)， 
wehaveA^ = - A . * ± ^ . (3.5.11) V cos(«9) 
For a single tune circuit, AX ^IC-AO) .So, (3.5.11) can be written as 
A 似 = L sin(识 + 沒) (3.5.12) 
2'V'C cos(3) 
/ 1 Since sin(® + »9)< 1, the locking range can be approximated as ACD =- --：-. 
2-V'C cos(iy) 
As the injection signal vary，the corresponding phase difference can be calculated. 
r J — — > 
. P m AcOl o C n、 ^ = sin >-i9 (3.5.13) 
[ V Acol 
Where Pm is the injection power which produce a given locking range Acoi. 
P2 is the injection power which is larger than Pi at the frequency difference of 
AM<AM. 
Equations (3.5.13) shows that the phase difference (p is a function of injection power 
and frequency. As the injection signal approach its locking margin, approach —. 
COS(识 + 公）wil tend to zero. Substitute (3.5.13) into AY, we have 
AK =丄.上cosjsin-1 f • • 同 - 4 (3.5.14) 2 AV U^I VPJ 
Ik 乂 
(3.5.14) shows that AY tends smaller as the injection signal approaches the locking 
margin. As AY tends smaller，the reflection at both RF and IF frequency increase. 
G Let C = — be the gain factor of the reflection gain at RF and IF frequency. Gir 
C= 2•，-[Ar," (3.5.15) 
K'{2'Ys-AYin) 
Re-arrange (3.5.16) , the impedance conversion factor can be written as 
K = ^ r (3.5.17) 
AYin + C'{2'Ys-AYin) 、 ) 
and the output admittance is equal to 
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/ \ 
roui = yo' … - 1 (3.5.18) 
l + C . f ^ ^ l V vy^+yn/ y 
In the case of RF signal being far away from the self-oscillation frequency of the ILO, 
the approximation of A® « cdo is no longer valid. So, we re-arrange (3.5.6-9) and replace 
Act) , 0) coo , by . We have 
eoo CDo 0) 
Gir= ^ — — I ，历 J (3.5.19) 
0)o\ 1 + 70-
VCOo CO) 
2 
S i n c e Q c » 1 , G , > — — - ^ « 1 (3-5.20) 
Q 0) 
CDo Q) 
. Y s + Yi where Q = — , cooC 
The reflection gain will be unity as the RF signal is far away from the self-oscillation 
frequency of the ILO. 
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3.5.2 Measurement and Experimental Results 
The test setup used in this section is the same as that in section 3.4 
LO injection Injection RF center RF reflection IF center IF reflection 
Frequency Power frequency gain (dB) frequency gain (dB) 
(MHz) (dBm) (MHz) (MHz) 
320.16 -3 348.1 25.5 ^ 15 
320.16 -2 347.0 19 ^ 7 
320.16 A 346.4 ^ 4 
320.16 0 345.0 12 ^ 2 
319.16 0 346.0 13 27.6 3 
318.16 0 346.6 14.5 ^ 1 5 
317.16 0 3£7 ^ ^ 
316.16 0 347.3 19 312 7 
315.16 0 347.8 22 32.7 8.5 
314.16 0 348.3 24 34 11 
313.16 0 348.5 27 15 
312.16 0 348.65 29.5 36.6 21 
Table 3.5.1 
30 T 
X — R F ga in 
25 IF g a i n 
20 
10 .. ^ ^ ^ 
• - ^ . 
0 \ 1 1 1 
-3 -2 -1 0 
LO in jec t ion power (dBm) 
Fig 3.5.1 Reflection gain of ILO at RF and IF frequency Vs LO power 
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X J 30 
—X—RF gain 
丨F gain . . 2 5 
\ �� 2 � 
X —^ Power gain 
V x � x � i " 
+ 10 
I 1 1 1 1 1 1 H 1- 0 
312.16 313.16 314.16 315.16 316.16 317.16 318.16 319.16 320.16 
LO frequency (MHz) 
Fig 3.5.2 The reflection gain of ILO at RF and IF frequency Vs LO injection frequency 
3.5.3 Discussion 
Fig 3.5.1 shows that the reflection gain of ILO at both RF and IF frequency is reduced as 
the LO power increase. Fig 3.5.2 shows that the reflection gain of the ILO increases as the LO 
frequency moves away from the self-oscillation frequency. By the results of table 3.5.1 and 
equation (3.53) and (3.5.6)，we have 
LO injection Injection Power non-linear conductance non-linear conductance 
Frequency (MHz) (dBm) at RF frequency (Mho) at IF frequency (Mho) 
320.16 -2 -0.01798 -0.01396 
320.16 -2 -0.01596 -0.00765 
320.16 -1 -0.01366 -0.00453 
320.16 0 -0.01197 -0.00229 
319.16 0 -0.01268 -0.00342 
318.16 0 -0.01360 -0.00507 
31716 0 -0.01479 -0.00613 
316.16 0 -0.01596 -0.00765 
315.16 0 -0.01706 -0.00907 
314.16 0 -0.01763 -0.01121 
313.16 0 -0.01829 -0.01396 
312.16 0 1-0.0187 1-0.01673 
Table 3.5.2 
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T h e c h a n g e of RF a n d IF c o n d u c t a n c e ve rus In jec t i on frequency a t the s a m e 
i n j ec t i on p o w e r 0 d B m 
0 I I I I 1 1 — ‘ 
_OOO|2( .16 318.16 316.16 314.16 312 .16 
-0 .004 • • ^ ^ ^ ^ 
RF c o n d u c t a n c e 
1 IF c o n d u c t a n c e -0.008 .. 
c o n d u c t a n c e _ 
(Mho) -0 .01 
-0.012 
-0 .014 . . + 、 
-0.016 • . 
-0.018 
-0.02 丄 
I n jec t ion f r e q u e n c y (MHz) 
Fig 3.5.3 
T h e c h a n g e of RF and IF c o n d u c t a n c e ve rsus i n j ec t i on p o w e r a t a c o n s t a n t 
i n j ec t i on f r e q u e n c y 3 2 0 . 1 6 M H z 
0 J 1 h 1 -I -2 -1 0 -0.002 --
-0 .004 
-0.006 • - ^ 
_ _0.008 . ^ ^ A — R F c o n d u c t a n c e 
C o n d u c t a n c e 
•0 .01 - . — H — I F c o n d u c t a n c e 
-0.012 .. ^^^^ ^ • 
-0 .014 ‘ 
-0.016 .. ' 
-0.018 4r— 
I n jec t ion p o w e r (dBm) 
Fig 3.5.4 
Figure 3.5.3 and 3.5.4 show that the non-linear negative resistance of the ILO is a 
function of LO frequency and injection level. The negative resistance tends to more negative as 
the LO frequency moves away，or the LO injection power reduces. Thus, it behaves as the 
same way as what equations (3.5.7-9) describe. Moreover, base on the results on tables 3.5.1-
2, the gain factor C and the impedance conversion factor K can be calculated. 
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LO injection Injection Powqr The gain factor K The impedance 
Frequency (MHz) (dBm) conversion factor K 
320.16 -3 0.299 2.995 一 
320.16 '2 
320.16 0.299 2.441 
320.16 0 0.316 2.205 
319.16 0 0.316 2.266 
318.16 0 0.316 2.355 
317.16 0 0.282 2.664 
316.16 0 
315.16 0 0.211 3.712 
314.16 0 0.224 3.705 
313.16 0 
3 1 2 . 1 6 丨0 I 0 . 3 7 6 I 2 . 5 2 5 
Table 3.5.2 
Base on above data, the reflection gain response of the ILO at RF and IF frequency can 
be simulated using equation (3.5.6) and (3.5.8).Figure 3.5.6 and 3.5.7 show the RF and IF 
gain response of LO injection power -3,-2-1 and 0 dBm respectively. The upper curve is the 
frequency response of the ILO at LO power of -3 dBm, the second is LO power of -2 dBm 
and so on. 
� 
19 20 1 1 1 1 I 1 A 
Y � -
,3.19552. n I I 1 1 1 “-6 -4 -2 0 2 4 6 
.-5. ^ ^^ 
Fig 3.5.5 The reflection gain response of the ILO at RF frequency. 
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^ s, 
j j 1 1 — — I 1 1 
，、1)6- A -
R � , 2 ) / \ 
.0.182102.n I I -J =1=^ u -6 H -2 0 2 4 6 ^ 
Fig. 3.5.7 The reflection gain response of the ILO at IF frequency. 
3.5.4 Conclusion 
h 
The reflection gain of the ILO at frequency conversion mode is measured. The 
“gain/frequency response at both RF and IF frequency are found to be a function of LO 
injection signal power and frequency. The ILO can attain 25.5 dB reflection gain at RF 
frequency and 15 dB reflection gain at IF frequency simultaneously. As the LO injection signal 
move towards the locking margin, the reflection gain increase and the bandwidth decrease. It is 
consistent with what the equation (3.5.6-8) describe. Accordings to the results, the 
corresponding non-linear negative conductances are calculated. The conductance tends to 
approach Ys as the LO injection signal near the locking margin which is in agreement with 
what the equation (3.5.14) describes. Moreover, (3.5.14) also shows that the non-linear 
admittance can be changed by varing the injection power or frequency alone. So, the ILO 
possess two dimensional flexibility in control of the reflection gain. 
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3.6 FREQUENCY CONVERSION AND NOISE PERFORMANCE 
3.6.1 Frequency Conversion 
To simply the analysis, we only consider two frequency components RF and IF 
frequency in the ILO. By using a two port y-parameter to represent the ILO, port 1 is a RF 
port and port 2 is the IF port. Similar to section 3.4.，the network is approximated by a single 
tuned parallel circuit. For small signal approximation, 
一 ( 1 � Let 711 = - Y ( y ) + j o)C一~- and substitute it and (3.4.3) into (2.2.4). We have 
V coLy 
Gc = — — — ； \ . 4 (3.6.1) 
2 AV \ COOJ 
At the ILO self-oscillation frequency，the ILO attain maximum conversion gain 
Gc= 1 � ^ ^ — — （3.6.2) 
i ^ c o s (叫 1 4 
Compared to reflection gain，the conversion gain behaves similarly. The conversion gain 
is an inverse function of the LO injection level. From (3 .6.2)，it show that the conversion gain 
of the ILO is mainly dependent on the negative admittance amplification at both RF and IF 
ports. Since these negative admittance is a function of LO injection level，the conversion gain 
changes sharply as the injection signal move close to the margin of locking bandwidth of ILO. 
Compared with the maximum available conversion gain which is given by 
G 
匪 4. Re(Zs). RQ(YL) • 、 
So, the normalized 別 1311� ‘ 
conversion gain Dpf 30 - ^ 一 
enhancement ^ ^ can be 2) 20 - ^ ^ -
shown as the figure 3.6.1. Ref(k 3) 10 _ / 一 
The figure is based on the ^^ J/ ^ ^ 
results in table 3.5.1-2. 4) 0 
H.04261_io I 
-5 0 5 
A ^ 
Fig 3.6.1 The normalized power conversion gain enhancement. 
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3.6.2 Noise Performance 
Here, we treat the ILO as a four port noisy mixer. Firstly, we consider the noise coming 
from the RF port, IF port, image port and LO port. We assume that the noise source in each 
port are uncorrelated and the noise appearing on the IF port comes from the direct path only 
i.e., we are neglecting the multi-path reflection. 
Phase Noise of an Oscillator 
The phase noise of an oscillator can be expressed as in [59]. 
For the case of frequency down-conversion, the phase noise we are concerned with can 
be approximated by 
(dBc/Hz) 
2户ow So, the mean squared value of phase noise current generator can be expressed as 
Inp^  = Gnp and = G«4 
ILPOVS IPavs 
Where Gnp and Gn4 are the equivalent noise admittance. 
If the effect of LO injection is taken into account, the phase noise of the injection-
locked oscillator can be modified by the following factor. 
The phase noise suppression factor S 
F M Q L P o J 尸, 
Where fm is frequency offset from the carrier 
fo is the injection signal frequency 
Po is the oscillator output power 
Pi is the injection signal power 
Q is the loaded Q of the oscillator 
In case of larger frequency offset from the carrier, the noise suppression factor trends 
to unity. In other words, the FM noise far away from the carrier has no effect on the injection 
signal. 
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Yo 
rS At (hv AT A f 
Y S ^ T N T N T Y 9 1 YL 
\ l ing I 
— I n 3 
Yi 
Figure 3.6.1 An equivalent noisy mixer 
Here, we consider the regenerative mixer as a four ports network as shown as above. 
Port 1 is the RF port. Port 2 is the IF port. Port 3 is the image signal port and port 4 is the LO 
injection port. So, the conversion matrix is as follows: 
" / i l 「 r " Yn Yu ynTFr 
12 Y22 723 Vi ,’，’、 = . (3.6.3) 
13 IV I V 733 734 厂 3 � ， _/4] [74. 742 743 Y44\[V4_ 
The above 4-port network matrix is de-composed into 2-by-2 matrices. 
� / i 1 � r " r i 2 T r i l � r i 3 ynirFsl 广一、 
= + (3.6.4) 
II YlX Yll Vl 723 724 F4 
• «J L- • •! —J ‘― — 
r / s H � I V Y^iJvx']�r33 734X^3'] , ’ " � 二 + (3.6.5) 
14 741 V42 V2 743 754 Va 
— I— 」U" -J —'L- • 
The noise matrices of port 3 and port 4 are 
r / 3 ' l � / " 3 * 1 � I V OJV3I , … � = + (3.6.6) 
/4 In4 0 1"0」|_厂4」 
� / ” 3 * 1 � r , O T F s ' I � i v i v f r i " ! � 7 3 3 Y^AJVS'] , � + + (3.6.7) 
I„A 0 Yo 厂 4 733 734 Vl 743 Ya4 Va ^ ^ 
• aJ La* •aJlM sJ MJ^W MJ mm 
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-r3 .1_� lV+y33 734 y32'TFll � i V +1^ 33 3^4 
_「4」-|_ Yo-{-Y4a\ [Y32 1"34丄厂2] + |_ ^43 7。+ 744 J [/«4 _ 
(3.6.8) 
Where 
� i r + r 3 3 734 Y l�K> + r44 -734 1 , � =— (3.6.9) 743 YO + Y44_ a -743 Yi* +733 》 
and A = (K + 733) • (Fo + YM) - Y43 • Y34 
Substituting the above equation into (3.5.4), we have 
7 i l _ J r y i i 712] � I V Yi4JYi' +733 734 TYysr } v | [ � r � 
= 11/21 722] 723 724丄 1^ 43 YO + YAA] [733 3^4 J J ' 
�1^3 YlAjYi' +733 734 T W l , � + (3.6.10) /23 Y 2 4 _ _ 743 YO + Y44_ LA 
「r". yi2'l \\Yu Yn'] 「IV 7i4Ty,' +733 734 V[Y3： YsiI Let =< > 721* Y22 1 721 Y22 723 724 T43 Y0 + Y44 733 734 
— aj Lb —J I— —J -J 
(3.6.11) 
'an anl「l"i3 YiifYi* -hY33 Y34 , , 、 and = (3.6.12) 
a2\ Ci22 Y23 1^24」 1^43 Yo + 744」 
_ _ MM — ^ — ^ • 
/i yn' V\ aw an Li ^ = . + . (3.6.13) 
I2 YLX Y22 V2 a2\ <3f22」|_14」 
The noise equation at port 1 is 
I\ = In\ + Inp + Ing -V\'Ys 
•rr Fi2 In\ + Inp + Ing 1 / ^ ^ \ V\ = ； 厂2+ ； + ； (awIn^-VanlnA) 
YxUYs YU Yu + 7 / ) 
II = Y22 一 721 Vl + — ^ ( l n \ + Inp + Ing) + — ^ ~ (a\ 1 • /”3 + • /«4) + . In3 + «22 • InA 
Yu+Ys_ Yu +7/ ) Fii +7. ) 
(3.6.14) 
The conversion gain is then 
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Where Yout = 722' - ^^^ 
y.+Fii The output noise power is then given by 
Gl Y21 2 Y21 2 Y21 2 
Yout + YL F ^ + T i i \ , 7 5 + 711 Ys-\-Y\\ 
(3.6.16) 
The Noise Factor is 
UP Inp" Inl^ yil'+y/ Ini" Yu U Yu 
InO^ /”o2 InO^ V2I Lo^ Yll InO^ Yll 
(3.6.17) 
Where Ino^  is the noise current from the source as the mixer is matched to the source. If 
the mixer is matched to the source and the noise power appear at the output port from various 
sources are mainly due to directly conversion，the noise figure can be expressed as 
尸二 1 I /"l2 I I r n ' + y / I Yu 2 ( 7l4 ‘ 
一 JJ U ' ^ Y J YlX U Yi*+Yz2 U 7O + 744 
A \ 个 T 八 
f ^ \ f romTport LO phase noise 
from RF port \ ^ Self oLiiiate No'sfe from phase noise image port (3.6.18) 
By using a single tuned circuit approximation similar to that in section 3.4 at the RF port 
，we have 
1 zi 1 2 . 2 J 2 J 2 — 
„ , ln\ Inp ln2 2 AF 0) • L . 丄 . i l ^ ^t F = 1 + ~~Y + 2 + “―2 ； + +noise from other source 
I no I no I no 
(3.6.19) 
The noise figure decreases as the injection current decreases or the phase different (p 
increases. 
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3.6.3 Measurement Setup 
The noise performance of the ILO is measured by an indirect method. We use a tuned 
receiver at 48.425 MHz with 12 dB SINAD* sensitivity at -114 dBm RF signal level for 
reference to see how the ILO affect the sensitivity of the receiver. The connection of the ILO 
and the receiver is shown below. 
*Note: SINAD means the Signal to Noise and Distortion Ratio. Which is a common 
criterion to access a receiver noise performance. 
The RF signal generator connected to port 1 of DUT acts as an LO. The RF signal 
generator is first 
connected to the t � • RF signal T u n e d r e c e i v e r npn^ n•；:itnr 
OUT port of the generator 
, I I I I coupler. The IN • • • • • • • • • r r\ • • • • • • • • • port of the coupler H~~ 20 ds coupler 
is connected to ——< • o u t ^ 
port 2 of the DUT. ^i- • . V 
RF signal ^ 。’ 
The reflected signal g e n e r a t o r 卩0�(2丄 passes through the h 1 i 11 , • • • • • • • • • A Port 3 CPL port to the • • • • • • • • • Oj _ _ ] _ _ _ 
receiver. The Port l1 1 I 
coupler provides 40 
dB isolation of the Z o 
tuned receiver to 
the ILO. 
The test setup measures two things. First, we measure the receive sensitivity with the 
LO injection power. In the sensitivity measurement, we keep the RF signal frequency and the 
LO frequency unchanged. Secondly, we measure the 3dB effective operation bandwidth of the 
ILO. The 3 dB operation bandwidth is slightly larger than the 3 dB bandwidth. The operation 
bandwidth is measured as follows: 
1. The 12 dB SINAD sensitivity of the ILO is measured. 
2. The power of RF signal connected to the coupler is leveled up by 3 dB and kept 
constant. 
3. The frequency of both signal generator are varied by the same amount so the IF 
frequency is kept constant. 
4. The upper frequency limit is defined as the highest frequency for which the SINAD is 
down to 12 dB again. 
5. Similarly, the lower frequency limit is defined as the lowest frequency for which the 
SINAD is down to 12 dB again. 
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In the pervious tests, the ILO acts as a one port device. To test the conversion 
characteristics of the ILO operating as a two port device, the following setup is used. 
This time the ~ ！ ！ 
RF signal 
IF output port is generator 
directly connected to L , | M 
^ J . • • • • • • • • • _ 
the tuned receiver. • • • • • • • • • 0 
Moreover, the 
receiver used has sensitivity -117 dBm RF signal 
generator • … 丈 从 at frequency 45.425 . ~~ • I I I I Port 3 
X/THTy^  • • • o • • • a D _ r » j i i _ 。 ivxxx^ . • • • • • • • • • Qj 1�匸 d u t ] 
First, the LO is Portl] [ 
fixed at 398.675 
MHz and the LO 
injection power is Tuned receiver varied from -11 dBm ^— 
to -8 dBm with 1 
dBm increment. In Figure 3.6.2 
each LO power 
level, the sensitivity and the conversion gain are recorded in table 3.6.2. Then the LO injection 
frequency and the RF frequency are increased and the previous steps are repeated. 
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3.6.4 Measurement and Experimental Results 
a) The result of the sensitivity measurement 
RF frequency = 346.16 MHz 
LO frequency = 393.586 MHz 
IF frequency = 48.425 MHz 
Sensitivity of the tuned receiver = -114 dBm 
Sensitivity of the tuned receiver with the coupler = -94 dBm 




'3 ^ ；：no 
r ^ - j ^ 




+3 UA -101.5 
+4 10.6 -101 
Table 3.6.1 The conversion gain and the sensitivity of the ILO with the variation of LO 
power 
The c o n v e r s i o n g a i n and sens i t i v i t y of ILO ve rus LO p o w e r 
5 0 丁 T - 90 
4 5 . . \ C o n v e r s i o n g a i n (dB) 
\ Sens i t i v i t y (dBm) - - - 9 5 
4 0 . . \ 
35 \ .. -100 
3 0 . . \ ^ ^ ^ ^ ^ 一 
C o n v e r s i o n \ ^ ^ m e S e n s i t i v i t y 
G a i n ( d B ) “ Nv " ( d B m ) 
2 � > < L X -- -110 
：：：： / 
5 ^ ^ / 
0 J 1 1 1 1 1 1 1 1 1 1 1- -120 
- 6 -5 -4 - 3 - 2 - 1 0 1 2 3 4 
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b) The result ofSdB operation bandwidth Measurement 
Center frequency = 345.16 MHz 
12 dB SINAD sensitivity = -117 dBm 
LO frequency = 393.586 MHz 
LO power = -5 dBm 
Upper frequency limit = 346.36 MHz 
Lower frequency limit = 344.36 MHz 
So, the 3 dB operation bandwidth = 2 MHz. 
c) The result of testing setup in figure 3.6.2 
Lo frequency (MHz) LO injection Sensitivity (dBm) Conversion gain 
power (dBm) (dB) 
398.675 -121.5 
-10 -121.0 2A 
j S -119.5 6.6 
-118.5 
397.875 ^ j j -121.0 H ^ 
-10 -121.5 ^ 
jS -119.5 72 
-118.5 ^ 
397.175 -120.0 ^ 
-10 -120.0 I M 
j S -119.0 ^ 
^ -118.5 ^ 
396.775 -120.0 16 
-10 -120.0 ]2 
j S -119.5 O 
^ -118.5 7j0 
396.375 -119.5 I M 
-10 -119.0 12.8 
-119.0 
^ -118.5 72 
396.075 j^n -119.0 ^ 
-10 -119.5 l ± 4 
-119.0 
-118.5 72 
395.775 -11 -118.5 22.6 
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-10 -119.0 l ± 6 
-118.5 
-118.0 2d 




394.675 -117.5 20.0 * 
-10 -118.0 
_-9 -118.0 
^ -117.5 ^ 
394.175 J U -116.5 16.8 
-10 -117.0 
_-9 -117.5 IJ^ 
；^ -117.0 ^ 
393.375 jAl -115.5 13.4 
-10 -116.0 UA 
_-9 -116.5 I M 
^ -117.0 ^ 
392.675 -115.0 
-10 -115.5 U 2 
^ -116.0 10.4 
-8 -116.5 I 8.6 
Table 3.6.2 
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Conversion gain and sensitivity of ILO at different LO level 
25 • 
I 1 -100 
3 9 4 ^ 7 5 ^ 鄉.375 398.675 
•• -105 




sensitivity--^— sensltivHy—i— sensitivity 〇~sensitivStyl 
LO=-11 L0=-10 LO-9 LO=-8 
dBm dBm dBm dBm 
conversio —»-- conversio —k— conversio X conversio 
n gain n gain n gain n gain 
L0=-11 L0=-10 L0=-9 L0=-8 
dBm dBm dBm dBm 
Figure 3.6.4 
3.6.5 Discussion 
From figure 3.6.3.’ we can see that the ILO can not attain best sensitivity and highest 
conversion gain at the same time. The conversion gain is a decreasing function of LO injection 
power. On the other hand，the sensitivity attains a minimum point as the LO power is reduced 
to -5 dBm and becomes worse as the LO injection power is varied. In Figure 3.6.4，The 3 dB 
bandwidth is also a decreasing function of a LO injection power. Moreover, the change of the 
bandwidth and conversion gain is getting large as the LO injection signal get smaller. The ILO 
attain minimum sensitivity at some LO injection level. Considering the operation bandwidth, 
the change of sensitivity is quite small in comparison with the conversion gain. 
The overall noise figure of the ILO coupling to the receiver can be represented by 
p p Fi-X F = [58] 
where F is the overall noise figure. 
Fi is the noise figure of the ILO. 
F2 is the noise figure of the receiver. 
Page 3-46 
Chapter 3 Frequency conversion and noise performance 
Gi is the conversion gain of the ILO. 
Consider the frequency of maximum conversion gain . By the above equation, the overall 
noise figure F is dominated by the noise figure of the ILO because Gl is very large. At the 
lower end and upper end frequency, the effect of the conversion gain is less significant. So, the 
overall noise figure F comes from both ILO and receiver. Since the noise figure varies less than 
the conversion gain . Therefore, we can deduce the change of ILO noise figure as follows: 
The Noise Figure attain maximum at the maximum point of the conversion gain. 
( D I ) 
Conversion Gain / 
^ Noise Figure 
> 
Frequency (MHz) 
Figure 3.6.5 a sketch of the relation between conversion gain and noise figure of ILO 
Figure 3.6.6 is the simulation of the noise figure based on equation 3.6.19 with the 
normalized non-linear conductance A平.It shows that the noise figure attains minimum at AT 
= 0 . It is contrary to the experimental results. The discrepancy may be due to the noise 
regeneration at the point where the LO signal is near the locking margin. This noise 
regeneration is not accounted in the theory. 
义 0 3 0 9 � I I I 
ReUi 8 - \ v Z — 
.6.0206. g I ^ ^ I I 
-0.1 -0.05 0 0.05 0.1 
^ ^ 
Fig 3.6.6 The simulated ILO noise behavior 
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3.6.6 Conclusion 
The conversion gain and sensitivity of the ILO are measured in this section. The 
gain/frequency response is similar to that of the reflection gain at RF/IF frequency. In this 
section, the operation bandwidth is first defined. The definition of the operation bandwidth is 
based on the receiver sensitivity rather than the gain/frequency response. In the application of 
Fix-IF receiver, the operation bandwidth tells the maximum coverage of the mixer can operate. 
Compared to the 3dB bandwidth, the operation bandwidth is much larger. So, the 3 dB 
bandwidth defines the maximum signal bandwidth which the mixer can handle and the 
operation bandwidth tells the maximum frequency band of which the mixer can cover. 
The results show that the ILO can attain as high as 35 dB conversion gain and-118 dBm 
sensitivity even at 3V supply voltage. Moreover, no optimization is made to the matching 
network. As described in figure 3.6.1，the normalized conversion gain factor shows that 30 
dB enhancement on the conversion gain can be attained. Similar to the reflection gain 
performance, the conversion gain can be changed by the injection power or frequency alone. 
Compared with the other mixers, the ILO gives additional flexibility in control of the 
conversion gain. 
To the ILO noise performance, the sensitivity is found to be best at the point of 35 dB 
conversion gain and get worse as the conversion gain increase or decrease. From figure 3.6.4， 
it shows that the sensitivity vary less than the conversion gain. Moreover, the noise figure is 
found to be highest as the point of maximum conversion gain. Compared with the prediction of 
equation (3.6.19)，the noise figure should be lowest at the point of maximum conversion gain. 
This discrepancy is deal to the theory unable to predict how the noise of the ILO change in 
present of high LO injection，for example, the phase noise of the ILO under the driven of the 
LO injection signal，the self-generated noise of the ILO as the ILO approach free-running 
again and etc.. 
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3-7 LARGE SIGNAL RESPONSE 
3.7.1 Introduction 
The large signal response of the ILO is evaluated by measuring the power compression 
characteristics. In this section, the 3 dB bandwidth，reflection gain and conversion gain are 
measured in different RF signal input power and LO injection level. 
When the RF signal is large enough so that ^cos(<p) can no longer be neglected from 
Vi 
(3.5.7). (3.5.7) becomes 
= � o s(的 + 去吾 cos � （ 3 . 7 . 1 ) 
Substituting (3.7.1) into (3.5.3-4)，The input reflection gain of large RF input signal is 
2只一〔全 i ^ c o s � + 
r~7； i： ijQc—— 
Gr- ^ ； ^ (3.7.2) 
COo 
The circuit Q is then Qc = ^ (3.7.3) 
3告 c o s � +告 c o s(約 
The output reflection gain is given by 
� = r n � w r - ^ ( 3 . 7 . 4 ) 
和 ) + 壳 — 4 〔 叫 . 尝 ） At the band center, the input and output reflection gain can be written as 2K - K I cos{(p) + ^ cos((9) ——^(3.7.5) 
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2.Y0-K. ^ COS ⑷ + • COS ⑷ J 
= (Til T2 ^ ~ (3.7.6) 
� L i 亚 c o s ^ + RCOs (叫 
(3.7.2-6) tell us that the increment of RF signal reduces refection gain and degrades the 
circuit Q. The degradation of circuit Q means that the selectivity of Injection locking current 
towards large RF input signal is smaller than that of small RF input signal. 
In the case of frequency conversion, the result is similar. We substitute (3.7.1) into 
(3.6.1) such that 
Gc = 4.Re(7.).Re(n).N- 们 7、 
乂 Z AK V2 J \ (Oo) 
At the band center，we have 
= ~ h " " ~ (3.7.8) 
cos(^) + ^cos(^) \Kf 
(3.7.7-8) shows that the RF signal amplitude can affect the overall conversion gain. 
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3.7.2 Measurement and Experimental results 
a) The reflection characteristics of ILO at high RF signal level 
a. 1) Gain Bandwidth characteristics 
The following figures show the reflection gain and bandwidth change with different RF 
input power. The measurement setup is the same as that shown in figure 3.3.2. In this 
measurement，the LO frequency is fixed at 398.525 MHz and the RF input signal is started at 
-60 dBm with 10 dB increment. 
^ I 
I \ 、 ： Display = 5 MHz.div 
Center frequency = 343.5 MHz 
LO injection level = -4 dBm 
、 、 -Upper trace corresponds to the reflection 
& gain at RF input power = -60 dBm 
I ' ' " ' ‘ - ‘ ‘ -2nd trace = -50 dBm 
、； -3rd trace = -40 dBm 
！ -4th trace = -30 dBm 
-5th trace = -20 dBm 
0 -the lowest straight line is the reference. 
:丨漏凝毅纖纖i懸•疆凝！•纖凝疆纖縫懸 
Display = 5 
_、、、“々•：^、^ 尔： ： Center frequency = 342.4 MHz 
_ 、 、 、 — 《 、 J 、- 4 LO injection level = -3 dBm 
、'“？、、 ^ 、’、、、’、 ； 'I -Upper trace corresponds to the reflection 
圏鎮二:、\ ‘ 、 ’、vs ' ' I gain at RF input power = -60 dBm 
‘ A 、 、、\、？、-2nd trace = -50 dBm 
__々 :、：- - ? 、1 -3rd trace = -40 dBm 
、 \ -4thtrace =-30 dBm 
T 〉 、 -5thtrace = -20dBm 
讓,丄 、。：又、、：遵 -the lowest straight line is the reference. 
、 ： ” 、 - 、、 
w^ ' '、、 - 〜？丨丨 
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酵网 I 
Figure 3.7.1 The Gain bandwidth characteristics oflLO in different RF input power 
under different LO injection level. 
a. 2) Gain Compression Characteristics 
As the ILO acts as a two port network, the performance of reflection gain and 
conversion gain are as follows: 
The free running oscillation frequency of ILO = 349.88 MHz 
The free running oscillation power of ILO = -31 dBm 
LO injection frequency = 320.425 MHz RF injection power Po (dBm) at LO Po (dBm) at LO Po (dBm) at LO 
(dBm) power = -5 dBm power = _4 dBm power = -3 dBm 
-80 - 4 M -67^ -732 
-70 
- 6 0 ； 
-50 -37.4 -42.4 -46.2 
-40 
-30 -3A_A 
-20 -26.6 -26.6 -26.6 
RF injection power Power gain (dB) at Power gain (dB) at Power gain (dB) at 
(dBm) LO power = -5 dBm LO power = -4 dBm LO power = -3 dBm 
-80 ^ i r ^ ^ 
-70 ^ 10.4 
-60 ^ ^ 
-50 12^ 2A 11 
-40 4 2 LS 
-30 q^ ：^ 
-20 -0.6 -3.4 -3.4 
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Large s i gna l r e s p o n s e of ILO RF re f lec t ion ga in vs LO in jec t ion p o w e r 
-20 1 1 1 1 1 1 35 
-9D -70 -60 -50 -40 -30 -20 -30.. .30 
- .ISGajrUdBI 
-80丄 ^ ^ 删 丄 - 5 
I n p u t p o w e r 
~ K P o a t ^ P o a t ® P o a t • Ga in a t LO=i^ 5 LO=»4 LO=»3 LO»5 
d B m dBm dBm d B m 
— B — G a i n a t — ^ — G a i n a t LO-4 L0=^ 3 
dBm dBm 
Figure 3.7.2 The Gain compression characteristics of 2-port ILO. 
The DLO operating as a One port network 
The free running oscillation frequency of ILO = 345.62 MHz 
The free running oscillation power of ILO = -18 dBm 
LO injection frequency = 319.125 MHz 
RF frequency = 345.545 MHz 
RF injection power Po (dBm) at LO Po (dBm) at LO Po (dBm) at LO 
(dBm) power = -3 dBm power = -2 dBm power = -1 dBm 
-90 -2L9. 
-80 -50.4 -61.4 -66.0 
-70 
-60 -32.4 -42.0 -46.0 
-50 '32^ 
-40 -24.6 
-30 -18.2 -19.0 -20.0 
-20 ：^ a m -14.6 
-15 -12.2 -12.4 -12.4 
RF injection power Power gain (dB) at Power gain (dB) at Power gain (dB) at 
(dBm) LO power = -3 dBm LO power = -2 dBm LO power = -1 dBm 
-90 ^ ^ 
-80 29.6 18.6 14.0 
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-70 ^ 18.0 
-60 ^ 18^ l ± 0 
-50 ^ U ^ 
-40 I M 12^ 
-30 y ^ n ^ 
-20 5.8 ^ M 
-15 2.8 2.6 2.6 
0 J 1 1 1 1 1 1 1 1 h 35 
-90 -80 -70 -60 -50 -40 -30 -20 -15 
Output power Po -幼 « H G a i n (dB) 
- 15 
7 � 5 
- 8 0丄 丄 0 
RF input power (dBm) 
X ~ Po at LO ^ P o at LO ® ^ Po at LO = -
3dBm 2dBm 1dBm 
• Gain at LO • G a i n at LO — - G a i n at LO 
=>3 dBm = -2 dBm = -1 dBm 
Figure 3.7.3. Gain compression characteristics of one-port ILO 
b) The reflection characteristics of ILO at high IF signal level 
b.1) Gain Bandwidth characteristics 
Similar to section 3.7.1，the LO frequency is fixed at 398.525 MHz and the IF input 
signal is started at -60 dBm with 10 dB increment. 
•閨 
-4th trace = -30 dBm 
-5th trace = -20 dBm 
md^.d.：,^ — — 丨 一 _ _ I Page 3-54 
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_圓 ^ ^ ^ M — _ _ I 
Figure 3.7.4 The Gain Bandwidth characteristics of the ILO in different IF signal input 
power under different LO injection level. 
b.2) Gain Compression Characteristics 
The ILO acts as a two port network. 
The maximum IF reflection gain at IF frequency = 28.280 MHz 
LO frequency = 320.425 MHz 
RF injection power Po (dBm) at LO Po (dBm) at LO Po (dBm) at LO 
(dBm) power = -4 dBm power = -3 dBm power = -2 dBm 
-80 -70.4 -74.6 -75.2 
-70 -60.6 -64.6 -65.2 
-60 -50.6 -54.6 -55.6 
-50 -41.6 -44.6 -45.8 
-40 -33.0 -34.6 -36.0 
-30 -25.6 -26.6 
-20 -19.0 j -19.2 -18.8 RF injection power Power gain (dB) at Power gain (dB) at Power gain (dB) at 
(dBm) LO power = -4 dBm LO power = -3 dBm LO power = -2 dBm 
-80 5.4 4 8 
-70 9A 5.4 
-60 M 
-50 M M 
-40 M i O -30 ± 4 ± 2 2A 
-20 LO 0.8 1.2 
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0 1 1 1 1 1 1 12 
-80 -70 -60 -50 -40 -30 -20 
-10 • _ -- 10 
— ^ ^ 8 3。 8 
•FO 帅;rrPo-.. . ^ , 
: : ^ ^ : 
-80丄 丄0 
IF input power (dBm) 
— X P o at L0 = — Po at LO = - — ® P o at LO = -
4 dBm 3 dBm 2 dBm 
• Gain at M G a i n at ——：^— Gain at 
LO = -4 dBm L0 = -3 dBm LO = -2 dBm 
Figure 3.7.5 Gain compression characteristics of 2-port DLO 
The ILO acts as a one-port network 
Maximum gain IF frequency = 26.31 MHz 
LO frequency = 319.125 MHz 
RF injection power Po (dBm) at LO Po (dBm) at LO Po (dBm) at LO 
(dBm) power = -3 dBm power = -2 dBm power = -1 dBm 
-90 -7 ]^ -81.4 
-80 -61.2 -71.4 -74.0 
-70 -50.0 -61.4 -64.0 
-60 ： ^ ： ^ 
-50 -35.4 -42.2 -45.8 
-40 -30.0 -33.2 -35.8 
-30 -26.4 
-20 -23.4 -23.2 -23.0 
-15 -26.0 -25.6 -25.2 
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RF injection power Power gain (dB) at Power gain (dB) at Power gain (dB) at 
(dBm) LO power = -3 dBm LO power = -2 dBm LO power 二 -1 dBm 
-90 ^ ^ 
-80 ^ 
-70 l l A ^ ^ 
-60 ^ 
-50 £ 2 
-40 ± 2 
-30 ^ ^ ^ 
-20 '_3A -Xl -2:0 
-15 -11 -10.6 -10.2 
-10 -J 1 1 1 1 1 1 1 1 H 25 
-90 -80 -70 -60 -50 -40 -30 -20 -15 -20 -- "20 
• JlL^ 爾 iiii^ ii 
•30 15 
-40 . . • • 一 — - - 10 
-60 -- v / ^ ^ ^ -- 0 
- 7 。 y ： \ 5 
-80 .. � - - -10 
- 9 0 丄 丄 - 1 5 
IF input power (dBm) 
— X P o a t L O，3 ~ P o atLO=»2 9 P o a t L O = 
dBm dBm I d B m 
~ 4 G a i n at H G a i n at ^ — ~ Gain at 
LO=»3dBm LO=-2 dBm LO=-1dBm 
Figure 3.7.6. The Gain compression characteristics of the one-port ILO 
c) The Conversion properties of ILO 
c. 1) The Gain compression characteristics. 
The ILO acts as a two-port network: 
LO frequency = 320.425 MHz 
Maximum conversion gain at RF frequency = 349.250 MHz 
IF frequency = 28.8 MHz 
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RF injection power Po (dBm) at Po (dBm) at Po (dBm) at Po (dBm) at 
(dBm) LO = -5 LO = -4 LO = -3 LO = -2 
(dBm) (dBm) (dBm) (dBm) 
iSO ；^ -73.4 
-70 -41.4 -62.8 
-60 -37.0 -45.0 -49A -53.2 
-JO ；^ -43.2 
zip -33.4 
-25.6 
-22.8 -21.8 -21.2 -20.8 
RF injection power Gain (dB) at Gain (dB) at Gain (dB) at Gain (dB) at 
(dBm) LO = -5 LO = -4 LO = -3 LO = -2 
(dBm) (dBm) (dBm) (dBm) 
：^ 3£8 ITA U A 6.6 
'70 ^ 14^ U^ 12 
^ ^ 6.8 
^ 6.8 
-40 ^ ^ ^ 6.6 
；：30 3 A ± 4 4 . 4 
-2.8 -1.8 -1.2 -0 .8 
0 - j — — I 1 1 1 1 1 1- 35 
-70 -60 -50 -40 -30 -20 
-10 • - ^ S . • - 30 
3 � 2 � 
IF output Po (dBm) -40 - • “ 怕B》 
： ： ： ： 
- 8 0 丄 丄 - 5 
RF input power (dBm) 
― “ ^ P o a t L O = -5 • “ Po a t L O = -4 1 Po at LO= -3 
dBm dBm dBm 
Po at LO= -2 RF injection • Gain at LO= -5 
dBm power dBm 
H G a i n at L 0 = -4 ^ G a i n at L 0 = -3 X—~ Gain at LO= -2 
dBm dBm dBm 
Figure 3.7.7 The conversion gain compression of 2-port ILO 
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The ILO acts as a one port network 
LO frequency = 319.125 MHz, 
RF frequency = 345.545 MHz 
IF frequency = 26.31 MHz 
RF injection power Po (dBm) at LO Po (dBm) at LO Po (dBm) at LO 
(dBm) power = -3 dBm power = -2 dBm power = -1 dBm 
-90 
-80 -55.4 -65.6 -70.0 
-70 -46^ -55^ 
-60 -37.4 -45.4 -49.6 
-50 -31.8 -36.0 -40.0 
-40 ^ 
-30 
•20 - J ^ ； -18.0 
-15 -18.0 -17.2 -16.6 
RF injection power Power gain (dB) at Power gain (dB) at Power gain (dB) at 
(dBm) LO power = -3 dBm LO power = -2 dBm LO power = -1 dBm 
-90 ^ 14A 
-80 ^ l±4 ^ 
-70 ^ l ± 4 
-60 22.6 ]A6 10.4 
-50 14.0 
-40 13A ILS I M 
-30 lA 
-20 LO lA ^ 
-15 -3.0 -2.2 -1.6 
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0 1 1 1 1 1 1 1 1 1- 30 
-90 -80 -70 -60 -50 -40 -30 -20 -15 
-10 . . ^ . 
• “ 25 
“ ： 
-80 .. y ^ ^ ^ ^ ” 0 
•90 丄 丄 - 5 
RF i n p u t p o w e r (dBm) 
X P o a t L O = - ~ A P o a t L O • — - P o a t L O = - RF In jec t ion 
3 d B m 2 d B m 1 d B m p o w e r 
^ G a i n a t L O = H G a i n a t L O = ^ — ~ Gain a t L O = 
-3 d B m -2 dBm -1 d B m 
Figure 3.7.8 The conversion gain compression characteristics of the one-port ILO 
3.7.3 Discussion 
From figure 3.7.1-3，we can find that the RF reflection gain decreases as the RF signal 
level increases. Moreover, the output power saturation point is independent of the LO injection 
power. The large signal response of IF reflection characteristics is the same as that at RF 
frequency. Figure 3.7.4-6 shows that the IF reflection gain also decreases at high IF signal 
level and the saturation point is not dependent on the LO injection power. For the case of 
frequency conversion characteristics, the results are a little bit different. Figure 3.7.7-8 shows 
that the conversion gain is reduced at high RF signal level. However, the power output 
saturation point increase as the LO injection level increases. 
On the other hand, the previous results also show that the ILO arranged as a one port 
network has a higher saturation point than that arranged in two port network. 
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3.7.4 Conclusion 
The large signal response of the ILO is investigated in this section. The equations in 
section 3.3-6 are further extended to include the variable of the RF injection signal. According 
to equation (3.7.1)，the non-linear negative admittance is no longer to be the function of the 
LO injection signal only. The negative admittance will be changed if the RF injection signal is 
comparable with the LO. As the LO signal is near the locking margin ((p -> 0)，the RF signal is 
more easily to take over the control of the non-linear admittance. On the contrary, if the LO 
signal has some distant away from the locking margin, the RF injection signal becomes more 
difficult to affect the non-linear admittance. That is why the reflection gain and conversion gain 
decrease gradually as the RF input is sufficient large. This property is very different from that 
of the other mixers. Typically, the conversion gain of the mixer is kept constant until the RF 
input reach the compression point. At the compression point, the conversion gain decreases 
sharply. This different gain compression property is mainly due to the different conversion 
mechanism of the ILO. To the ILO, the overall conversion gain relies on the negative 
admittance amplification at the RF and IF port. 
Referring to the results, the gain/frequency response of the ILO against the RF input 
signal is the same as that of the section 3.3. It further verifies the validity of the equation 
(3.7.1). On the other hands, the compression point of the one-port ILO is found to be 10 dB 
over its two-port counterpart. However, the equations can not tell this difference because the 
equations are based on lumping all the things into the single tune circuit. So, a non-linear CAD 
has to be used in order to get more accurate prediction in this case. 
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3.8 IMAGE SIGNAL RESPONSE 
3.8.1 Introduction 
The image frequency means that the frequency other than the wanted RF frequency can 
be converted to the same IF frequency. Suppose the wanted RF frequency is the same as the 
self-oscillation frequency f � o f the ILO, the image frequency will be f�+2fiF or high side 
injection or fo-2fiF for low side injection. In the case of RF signal far away from fo，（3.6.1) 
can be written as 
G 一 ) « ‘ R e � . R e(峰丨| 2 一飞 (3.8.1) 
K. + 叫2 [每 C O S � . f l + 2jQc — 1 
2 AF V (Oo) 
Where Y^^ is the Y-parameter of the ILO at image frequency. 
For the image signal，the relations of the input admittance at RF port and the output 
admittance at IF port as given by (3.4.3) is not applicable. As the signal at a frequency far 
away for the free-running frequency, the negative admittance amplification at RF frequency is 
no longer present. So, the ILO inherently has image frequency rejection. 
The image rejection ratio is given by IMR = 仍“? 
Gc(image) 
对 . 、 MR: 5- (3.8.2) 1 
洽 � S � 
To measure the image frequency rejection of the ILO, the setup in section 3.6 is used. 
The results are as follows: 
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3.8.2 Measurement and Experimental results. 
A. Conversion Gain of Image Signal 
Low side injection 
Image frequency = 291.815 MHz 
LO frequency = 319.125 MHz 
IF frequency = 26.31 MHz 
RF injection power Po (dBm) at LO Po (dBm) at LO 
(dBm) power = -2 dBm power = -1 dBm 
-50 
-40 -60.8 -64.2 
-30 - J ^ -54.2 
-20 - 4 ^ 
-15 -35.2 -38.4 
Table 3.8.1 
RF injection power (dBm) 
-30 1 1 1 1 
. 3 5 - 5 . 0 -40 -30 -20 -：!5 
-40 -- -
- 5 0 - - • • 
Po (dBm) -55 - -
•60 .. •'• 
, . ' Po (dBm) at LO 
-65 • - ^ ^ power = -2 dBm 
-70 • ' ' y / ^ Po (dBm) at LO 
-75 • - y / ^ 
-80 r 
Figure 3.8.1 
From the results of table 3.8.1, we can easily calculate the conversion gain of the image 
frequency as follows: 
RF injection power Power gain (dB) at Power gain (dB) at 




-20 -20.4 -24.2 
-15 -20.2 I -23.4 
Table 3.8.2 
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Compared with the results in previous section, we can compare the conversion gain of 
the ILO to RF wanted signal and the unwanted image signal. 
RF injection power Signal power gain Image power gain Image Rejection 
(dBm) (dB) at LO power (dB) at LO power (dB) 
= -2 dBm = -2 dBm 
-50 ^ 
-40 IJ^ ^ 
-30 2A -2M ^ 
-20 lA ^ 
-15 -2.2 -20.2 18.0 
Table 3.8.3 
Image rejection ratio of ILO at LO injection power = -2 dBm 
4 0 J 
3 0 - • … 
20 • 
1 0 “ “ 
Gain (dB) “ 
0 1 1 T - ^ ~ � J 
-c 0 -40 -30 -20 -15 
- 1 0 • • 
- 2 0 • ••： . — - — - - - — — 
-30丄 
Input power (dBm) 
Signal power gain — - — • Image power gain Image rejection 
(dB) (dB) ratio (dB) 
Figure 3.8.2 
RF injection power Signal power gain Image power gain Image Rejection 
(dBm) (dB) at LO power (dB) at LO power (dB) 
=-1 dBm = -1 dBm 
-50 10.0 ^ 
-40 10^ ^ 
-30 7.8 
-20 2.0 
-15 -1.6 -23.4 21.8 
Table 3.8.4 
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Image rejection ratio of ILO at LO injection power = -1 dBm 
4 0 
3 0 : 〜 、 〜 
20 •• — 
10 
Gain (dB) “ " 0 1 1 r • ~ J 
-JO -40 -30 -20 -15 
- 1 0 • • 
•20 •• 
-30 
RF input power (dBm) 
Signal power gain Image power gain Image rejection 




In the measurement，we found that the noise floor is raised in the case of high level 
image signal injection e.g. -20 and -15 dBm. If we further increase the LO injection power, the 
noise floor is reduced again. 
3.8.3 Discussion 
Figure 3.7.1 shows that the ILO has conversion loss rather than gain to the image signal. 
Compared with the conversion gain towards wanted signal, the ILO has over 30 dB of image 
signal rejection. For high powered signal, the image rejection ratio decreases due to gain 
compression of the ILO. If we substitute the results of previous section to (3.8.2), the image 
2 rejection ratio corresponding to table 3.8.3 is given by MR = K' Y^^+Ys . Where K is given 
by ^ 
RF injection power (dBm) Image Rejection (dB) K(dB) 
-50 34^ 23.539 
-40 21.746 
-30 ^ 18.445 
-20 21.8 14.7 
Table 3.8.5 
For the RF injection power below -30 dBm，the difference between the measured IMR 
and K is approximated as constant of 11 dB. As the RF injection signal increase equation 
(3.8.2) is no longer valid. 
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3.8.4 Conclusion 
The image signal response of the ILO in frequency mode is investigated in this section. 
The ILO has over 30 dB image signal rejection ratio in small signal level. This property is main 
due to the frequency selection property of the tune circuit and the non-linear negative 
admittance. In small signal level, the measured results agree with the theory. In the case of high 
signal level, the theory is no longer valid. 
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3.9 CONCLUSION 
In this chapter, the frequency conversion properties of ILO are discussed in 
detail. In section (3.2), a new view-point to the large signal injection is established. 
Base on the quasi-static analysis, the non-linear resistance and reactance of the active 
are found to be modified by the in-phase and quadrature-phase components of the 
injection signal. As the measured results show that the amplitude of the self-oscillation 
signal decrease and finally disappear as the injection signal increase which is consistent 
with the theory. Base on theory, a series of equations which describe the 
gain/frequency response and the frequency conversion property of the ILO are 
developed. 
In section (3.3-5), the basic properties of the ILO under the driven of high level 
external signal are investigated. It is found that the non-linear resistance of the device 
is not negative enough to establish oscillation at the free-running frequency. Moreover, 
this negative non-linear resistance can be varied by the injection signal. As the injection 
signal approach the locking margin, the non-linear resistance tends more negative. In 
this thesis, we call it as Injection Control Resistance. This negative resistance not only 
make the ILO as very high gain amplifier, but also enhance the circuit Q. Interestingly， 
the negative resistance around the free-running frequency is converted to the IF 
frequency by the injection signal. This way, the ILO contains negative resistance at 
both RF and IF frequency simultaneously. So, it make the ILO become the very high 
gain mixer. The equations successfiil predicts the Q-multiplication, the impedance 
conversion and the negative resistance amplification at both port with the relation of 
the injection signal. 
In section (3.6-8)，the properties of the ILO acts as a mixer and its large signal 
response are investigated. The results show that the ILo attain very high conversion 
gain (>30 dB) with moderate noise performance ( � - 1 1 8 dBm sensitivity). Because of 
Q multiplication properties, the higher of the conversion gain，the narrower of the 
bandwidth. The narrower of the bandwidth, the higher of the frequency selectivity. So, 
the ILO has very high image signal rejection ratio (IMR> 30 dB). This gain-bandwidth 
characteristic is also related to the ILO locking range. This property is very suitable to 
be used in the Fix-IF frequency down-converter. So, we only concentrate on the case 
of frequency down-conversion in this thesis. Actually, it is no difference to the case of 
frequency up-conversion. This extremely high gain property is mainly due to the 
negative amplification at both RF and IF port which is predicted by the equations. By 
the results of the large signal response, the negative amplification at both RF and IF 
decrease gradually as the input signal is sufficient large and has distant to the 
compression point. The overall conversion gain behaves exactly the same way as that 
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of the reflection amplification. If the mixer relies on the trans-conductance, it will not 
happen. Typically，the mixer only show a sharp decrease in conversion gain at the 
compression point. 
As a whole, the equations derived in this chapter can describe the behavior of the 
ILO in the frequency mode. Base a single tuned circuit approximation to the actual 
network，the most important properties of ILO in the frequency conversion mode are 
revealed. However, If further accurate modeling is required, a non-linear circuit 
analysis and CAD should be used. This way，the change of the non-linear admittance 
with the voltage can be found and the equation (3.5.14) can be solved. It is therefore 
solve the most critical part in this thesis. 
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CHAPTER 4. ILO REGENERATIVE MIXER 
4.1 Introduction 
A new type of regenerative mixer is developed out of the ILO. By applying the 
injection locking technique and simple matching methodology, the ILO can act as very 
high gain，low noise, low voltage operation and inherently image frequency rejecting 
mixer. These characteristics will best fulfill the needs of nowadays portable wireless 
communication system. The main stream of the wireless design is towards low 
voltage, low current consumption，small，compact and without performance trade-off 
In the following section, a block diagram representation of the re-generative 
mixer is presented in section 4.2. A linear model based upon the results in section 3 
will be introduced in section 4.3. In section 4.4，we try to apply the model to design a 
regenerative mixer and the results are presented in section 4.5. 
4.2 Block diagram representation 
The regenerative mixer is a special type of active mixer. For an active mixer, it 
can be regarded as a — 
combination of RF amplifier, G 1 F 1 G c F c G 2 F 2 
passive mixer and IF mixer. ‘ ‘ 
Where Gi = Power gain of p p IF U ^ 
the RF amplifier 八 
Gc = Conversion gain 
of the passive mixer Lo 
Gb = Power gain of • . Fig 4.1 A block diagram representation of an active the IF amplifier mixer 
Power Conversion Gain-Gx GcGi 
The regenerative type is just an active mixer with the addition of a positive 
feedback network on the RF path. 
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G 1 , F 1 L ^ ^ G 2 , F 2 
Lo 小GC,FC 
Fig 4.2 A block diagram representation of regenerative mixer 
Where LI = Insertion loss of the mixer at RF frequency 
B(s) = The transfer function of feedback network 
Power Conversion Gain = ^ ^ � � ^ ^ _ 
l-GiLc'B(s) 
The conversion gain tends to infinity as the denominator tends to zero. It 
means that the mixer is going to oscillate. To achieve high conversion gain the 
denominator has to be as small as possible. In other words，the regenerative mixer 
operates in the conditional stable condition. The vital problem of regenerative mixer is 
stability. It is a tedious task to achieve both stability and high conversion gain matching 
simultaneously. To solve this stability problem, an injection locking technique is used. 
The mixer is first made to be an Injection-locked oscillator. An LO signal acts as an 
injection source to the ILO. Since the injection power of the LO is very large, the 
non-linear resistance is mainly modulated by the LO signal . Moreover，the injection-
locked oscillator oscillates very stably in the injection frequency if the frequency is well 
inside the locking range. Moreover, the injection-locked oscillator has negative 
resistance at both RF and IF frequency band that provides additional power 
amplification of signal. 
4.3 Linear Regenerative Mixer Model 
4.3.1 y-oarameter representation 
Consider only the RF and IF frequency components of the regenerative mixer 
(RM), the conversion matrix of the RM is as follows: 
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- / i ] � 1 ^ " 7I2 Yn FHTFI" 
I2 一 72. 722 723 Y^ VL 
h 二 73. Y32 733 Yu V3 (4.3 1) 
I4 74. 742 743 744 厂 4 
L J L- 」L_ 一 
Where port 1 is the RF frequency component in RF input port, 
port 2 is the IF frequency component in IF output port, 
port 3 is the IF frequency component in RF input port, 
port 4 is the RF frequency component in IF output port. 
Using similar procedures as that of section 3.5，the conversion gain and noise 
figure are represented by 
Gc = — — " , " ~ — (4.3.2) 
Yu'-hYs Yout +YL 
V /”22 I /”32 Yu 2 I /”42 YxA ‘ 
二 + 7 7 + 7 7 + 7 7 Yix +77^33+1^3 ""U Yaa+YA ( • • ) 
Where Ys is the source admittance of the signal generator, 
YL is the load admittance, 
Ys and Y4 are the terminated admittance at port 3 and port 4 
respectively and [Y'] is given by 
~Yu yi2'l_Jryil 712] �]^n yi4T73 + 733 734 rY731 732] 
721' 722' " 1 721 722 “ F23 YIA 743 YA + YAA 3^4 ^ 
_ J L J L_ JL J L_ Jj 
(4.3.4) 
For an ideal mixer matching network, the RF port matching network should 
provide a good match to the source generator at the RF frequency and act as a short 
circuit at other frequencies. The IF matching network should match the IF port to the 
load and act as a short circuit at other frequencies. This methodology may lead to 
instability of the regenerative mixer (RM). In section 2.4，equation (2.4.35) shows that 
some kind of load impedance will lead to parasitic oscillation of the ILO. This kind of 
load impedance is easily found in the multiple resonant matching network e.g. multiple-
pole filter. Its impedance locus easily form multiple loop in the operating frequency 
band so that (2.4.35) can be easily satisfied. So, we have to take special care if a 
multiple resonant matching network is used. In this thesis , only a single tune circuit is 
considered. In this case, the RF port may not get a short circuit termination at IF 
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frequency. For the IF port, the matching network is not confined by the requirement of 
(2.4.35). So, the multiple-pole matching network can be used. Consider the ideal 
matching condition for the RM, the RF port is matched to the source generator and the 
IF port is matched to the load with short termination at other frequencies. The 
conversion gain and the noise figure under this condition can be reduced to: 
= 
Yu + Ys\\Yout-^YL\ 
r . Ifipl Ini^ Y\\-\-Ys^ Yl4 ^ ^ A ^ r\ F = l + ~~- + —1-4- + (4.3.5) 
IrJ Ino" I J 721 Ino^ 744 + 7 4 
4.3.2 Stability 
The stability criterion of the regenerative mixer is the same as that of ILO. 
However, something has to be take care of 
Referring to (2.5.29) and (2.5,30)，the injection voltage in the case of 
regenerative mixer should be the sum of LO signal and RF signal such that 
E(t) = a\ cos(ty\t)+ai cos{o)2t). 
Since a i»a2, E(t) » a\+—cos((0\ -0)2)t (4.3.6) 
a\ 
Substituting (2.5.49) into (2.5.29) and (2.5.30) gives 
ai+ — cos(ty 1 - C02)t cos(识) 
——^ + SRL>0 (4.3.7) 
A 
^ + 血 c o s ( ” � 0 ( 4 3 8 ) A cos((9) 
In the case of operation that both RF signal and LO signal are present, (4.3.7) 
and (4.3.8) have to be satisfied . Considering the case where the injection-locked 
oscillator is driven by the LO signal only and no RF signal is present or the RF signal is 
very small. Equation (4.3.7) and (4.3.8) are reduced to 
M c o s � + 讽 > � a n d (4.3.9) A A cos(没） 
It is a question whether the system is always stable or not if only (4.3.7-8) are 
satisfied but fail to satisfy (4.3.9). Therefore, for stable operation (2.5.29) and (2.5.30) 
must be satisfied. 
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4.3.3 Linear Circuit Mndf^l 
Li C l - Y l ( V ) gml|2 gm2|l 丫2 
p z n p " " " z n ^ I2 
P o r t 1 < p i i Q P o r t 2 
Fig 4.3 the two port network model of regenerative mixer 
In the frequency band of interest, the regenerative mixer can be approximated by 
the two-port network in figure 4.3. Port 1 is the RF signal input port and port 2 is the 
IF signal output port. The corresponding y-parameters of the network are as follows: 
- f 1 ) 7ii = - 7 i ( F ) + j (D-Ci V cD'LJ 
Yn = gm\ 
Yl] = gm2 
Y22=Y2 
Where V is the resultant voltage of the LO injection current. From (3.6.1)，when 
a signal source is connected, we have 
1 • 
-Y(V) + Ysico) = ^ cos(的 + i - ^ c o s ( ^ ) (4.3.10) V\ 2 Ak 
Where Ys is the source admittance, 
ii is the RF input current, 
Vi is the resultant RF voltage at port 1， 
iLo is the LO injection current, 
I e is the phase difference between the RF input current and the 
resultant voltage, 
(p is the phase difference between the LO injection current and the 
resultant voltage, 
V is the resultant LO voltage across port 1. 
AV is the voltage difference between the free-running oscillation 
voltage and the locked voltage. 
Substituting the y-parameters and (4.3.10) into (4.3.2-5), the conversion gain 
and the noise figure can be reduced to 
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= 4'Re(Ys)'RQ(YL)'gm2' 
• 壳 c � s _ 2 , E ,尝 |VR 
f ii ,小 1 ILO ,、、广 1 ^ …A6)\ 2 
I V I /”22 b ^ C O S �+ + 丨 2 
Ino Ino^ gml Ino^ Y2(A)RF) + Yl(oJRf) 
Where Yi4 is the reverse isolation of the network at RF frequency. 
4.4 Design Example and Circuit Description 
A UHF regenerative mixer is realized by using a BJT 2SC3356. The circuit 
configuration in figure 4.4 was based on a common base Clapp oscillator. Maximum 
conversion gain of 14 dB and sensitivity of -112 dBm were achieved at frequency 690 
MHz with operation voltage 1.2 V. In the circuit, a DR acted as an inductor to provide 
high unloaded Q for the tank circuit. The purpose was to get better noise performance 
and was for frequency stabilization. For the design of an oscillator, it is necessary. In 
the case of regenerative mixer, a signal source was coupled to the tank circuit through 
the capacitor in order to obtain a given single-sided locking range ( over 40 MHz in 
this example). In this way, the Q value of the tank circuit was heavily deteriorated. So, 
the advantage of DR inductor was lost actually. 
The circuit is basically similar to the equivalent circuit in section 3.8.2. The 
biasing network contains R1,R2,R4 and L7. The BJT was biased to Vce=1.025 V and 
Ic = 0.2 mA. The circuit used two different values de-coupling capacitors. A 47 pF 
capacitor is to de-couple RF signal and 1 nF and O.luF capacitors are to de-couple IF 
signal. The tank circuit is composed of CI, C2 C3 C4 and LI. The RF port matching 
circuit is composed of L3 and C9. L2，C6 and L4 are used to match the IF port. 
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4.5 Measurement Results 
4.5.1 The conversion aain of the regenerative mixer vs LO injection power 
The conversion gain is measured under two conditions (curve A and B). Curve A 
shows the conversion gain of the regenerative mixer at a fixed RF input frequency 
690.8 MHz at different LO injection power. Curve B shows the maximum conversion 
gain of the regenerative mixer attained by re-adjusting the RF input frequency at each 
LO injection power level. 




-4.0 691.9 +10.0 
-5.0 690.7 +13.2 +12.4 
-6.0 689.5 +11.2 +14.8 
-7.0 688.4 +8 4-16.0 
-8.0 687.4 +19.0 
-9.0 686.7 +2.8 +20.8 
Table 4.1 The conversion gain of the 690 MHz regenerative mixer 
e ^ ^ j K R ^ 
啦 X " 2。 
咖 ) k ： -
RF input frequency ^ ^ Conversion gain 
(MHz) 688 • • ^ ^ ^ 丨畑 
‘ " ； ^ \ ：： 684 -- Z 
682 -I 1 1 1 1 1 1 H 0 
-2 -3 -4 -5 -6 -7 -8 -9 
LO injection power (dBm) 
— ^ R F frequency (MHz) Conversion gain A (dB) • Conversion gain B 
Fig 4.5 The conversion of the 690 MHz regenerative mixer 
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4.5.2 The gain compression and image signal response 
The gain compression characteristics and image frequency response are 
measured at RF frequency 688.4 MHz and LO power = -7 dBm. The corresponding 
image frequency 598.15 MHz. Both signals are down converted to the fixed IF 
frequency of 45.125 MHz. 
RF/Image signal Input IF output power of the RF IF output power of the 
power (dBm) input signal (dBm) Image signal (dBm) 




-55 -40.6 -52.4 
-50 '37^ '47^ 
-45 
-40 - y ^ -39.6 
-35 
-30 ：30^ iMif 
-25 -28.8 I -32 
Table 4.2 The RF/Image signal response of the regenerative mixer 
RF/lmage signal Input power (dBm) 
OA 1 1 1—I 1 1 1 1 1 1 
-t 0 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -10 --
- 2 0 • • 
IF output power . . • 
-70 - - y / ^ 
-80 r 
[ — I F output power of the RF input signal (dBm丨 IF output power of the Image signal (dBm) 
Fig 4.6 The RF/image signal response of the regenerative mixer 
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4•& 3 The receive sensitivity of the regenerative mixer 
The receive sensitivity at each LO injection power level is the minimum receive 
sensitivity of the regenerative mixer attained by re-adjusting the RF input frequency . 
LO injection power (dBm) RF frequency (MHz) Sensitivity (dBm) 
-2 694J -110.5 
-3 693.1 -111.0 
-4 692.2 -111.0 
-5 691.0 -111.5 
-6 689.8 -111.5 
-7 688.7 -111.5 
-8 687.7 -111.5 
-9 687.0 -111.5 
Table 4.3 The receive sensitivity of the regenerative mixer 
696 J J -110 
694 -- - -”0.2 
- - -110.4 
\ "s. -• -110.6 
690 - - \ ^ ^ 
RF input frequency \ 11 o a Receive sensitivity 
(MHz) \ bRw (dBm) 688 -- \ V^™ 
� ~ ^ - -1” 
686 - - \ \ -- -111.2 684 " \ -- -111.4 
• ~ • • • • 
682 -I 1 1 1 1 1 1 1 1" -111.6 
-2 -3 -4 -5 -6 -7 -8 -9 
LO injection power (dBm) 
H R F frequency (MHz) • — Sensitivity (dBm) 
Fig 4.7 The receive sensitivity of the regenerative mixer 
4.5.4 The operation bandwidth of the regenerative mixer 
LO injection level (dBm) RF center frequency (MHz) Bandwidth (MHz) 
-7 690.2 n ^ 
-8 688.8 I 11 
4.6 Conclusion 
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The 690 MHz regenerative mixer was realized based on injection-locked 
technique. It shows that 15 dB conversion gain can be achieved without difficulty even 
though it is operating at 1.2 V supply voltage. In this circuit, the frequencies of 
maximum conversion gain and the frequencies of minimum receive sensitivity were 
altered with the change of LO injection level. This is due to the change of non-linear 
capacitance of the active device. In the analysis of chapter 3，this change is neglected. 
By changing this non-linear capacitance, the operation bandwidth of the regenerative 
mixer can be extended. To the image signal rejection ratio, the 690 MHz regenerative 
mixer can only attain about 10 dB and was much lower than that of the testing circuit 
in chapter 3 at 300 MHz. First of all, the RF/IF frequency ratio of the 350 MHz testing 
circuit is smaller than that of 690 MHz regenerative mixer. Secondly, the external Q 
of the 350 MHz testing circuit is higher than that of 690 MHz regenerative mixer. 
Therefore, the image frequencies can be attenuated more effectively at the low 
frequency counter-part. 
For the case of gain compression, the regenerative mixer gives quite a 
disappointing result. It is due to the limitation of circuit configuration. For the 350 
MHz testing circuit in chapter 3, it shows similar performance in the similar circuit 
configuration. However, it can achieve much better results in one-port circuit 
arrangement. Since the regenerative mixer is based on the common base Clapp 
oscillator, the oscillation voltage is a dominant component of Vce. As the IF voltage 
increases，the BJT sees the envelope of Vce voltage increases by the superposition of 
IF voltage over the oscillation voltage. This will trigger the self-limiting action of the 
BJT to suppress the growth of Vce voltage by reducing the device gain. Thus the gain 
compression performance was poor for this configuration. To get a better large signal 
performance, another circuit configuration has to be used，for example, a common 
emitter Clapp oscillator. 
For the noise performance, the 690 MHz regenerative mixer is about 10 dB 
inferior to the 350 MHz testing circuit. It may be due to the poor phase noise 
performance of a BJT at this low voltage biasing. 
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5. CONCLUSION 
In this thesis, a theory of regenerative mixer based upon the ILO was worked 
out. By using quasi-static analysis in chapter 2，the relations of the of the device's non-
linear impedance and the injection voltage are derived. With the approximation of the 
matching network by a single tune circuit, the equations describing the ILO behavior in 
the frequency conversion mode are worked out in section 3.2-5. From the 
measurement results of the 350MHz ILO in the frequency mode, the equations are 
found to give consistent prediction on most of the important characteristics, e.g.,the 
injection control resistance, the Q multiplication，negative resistance amplification and 
impedance conversion. The ILO is found to contain negative admittance at both RF 
and IF frequency in frequency conversion mode. Moreover, the admittance is a 
function of the injection signal given by (3.5.14). Base on these findings, the theory is 
further extended to the operation of frequency conversion, large signal response and 
the image signal response. The ILO is found to give as high as 35 dB conversion gain 
with -118 dBm sensitivity. In some configuration, the ILO can attain -121 dBm 
sensitivity with conversion gain tradeoff Moreover, the ILO also possess over 35 dB 
image rejection ratio. Those properties are very suitable for the application of the Fix-
BF receiving system. Interestingly, the 350 MHz ILO can operate in as low as 3 V 
supply voltage. It shows that the ILO has potential to be used as a mixer for very low 
voltage operation. 
In chapter 4，A 690 MHz ILO regenerative mixer operated at 1.2 V with current 
consumption of 0.2 mA was realized. The mixer can attain 15 dB conversion with 
sensitivity of-111.5 dBm. Compared with the 350 MHz counterpart, its performance 
is somewhat inferior. Anyway, the goal of this thesis is successfully achieved. A new 
type of mixer is proved to be working in low voltage and is less dependent on the 
device transconductance. 
As a whole, we can summarize the findings in this thesis as follows: 
The ILO regenerative Mixer 
1. Very high conversion � 3 0 dB 
2. Pretty good noise performance -118 to -121 dBm sensitivity 
3. Low voltage 3V for 350 MHz ILO Mixer 
1.2V for 690 MHz ILO Mixer 
4. Inherent image frequency rejection > 30 dB for 350 MHz ILO Mixer 
> 10 dB for 690 MHz DLO Mixer 
5. Relative narrow band 
3dB bandwidth about 100 _ 1000 KHz 
Operation bandwidth about 10 to 15 MHz 
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6. Relative inferior large signal response < -13 dBm compression point 
7. Adjustable conversion gain By injection power and frequency 
THEORY AND MEASUREMENT COMPARSION 
1. LO LOCKING MARGIN -> CONVERSION GAIN 个 々 
2. GAIN GREQUENCY RESPONSE 
2.1 GAIN 个 " � 3dB BANDWIDTH i V 
2.2 FREQUENCY RESPONSE V 
3. LARGE SIGNAL RESPONSE 
3.1 SIGNAL 个 "> GAIN>1' V 
4. GAIN 个 "> NOISE >1. X 
Compared with the active mixer used in the pagers and 900 MHz cordless 
phone, we have 
900 MHz cordless Pager ILO regenerative mixer 
phone 
Device BJT, Dual gate FET BJT BJT 
Conversion gain FET : 6 dB 15 dB > 35 dB in 350 MHz (3 V) 
BJT : 10- 12 dB > 15 dB in 690 MHz (1 V) 
Operation voltage 3 V，4.5 V 1_V as low as IV 
Relative large Best good bad 
signal response — 
Image signal NO NO > 30 dB in 350 MHz 
rejection J I > 10 dB in 690 MHz 
The theory basically relies on the extension of the quasi-static analysis that 
reveals the change of non-linear impedance under the affect of LO injection signal. It is 
valid as long as the approximation 
J d(p . 1 dA\ 、.年) (d(p 1 dA] 
\ dt A dtJ \ , dm \dt A dtJ 
holds. For large signal injection to a multiple tuned circuit, using this 
approximation will give erroneous results. So, in the analysis and circuit realization，a 
circuit closed to a single-tuned circuit was used to minimize the error. The results of 
chapter 3 also shows that the analyses give quite accurate prediction of the ILO in the 
frequency of interest. However, the theory only shows how the ILO phase noise 
affects the overall noise performance. It cannot show how the ILO phase noise 
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performs in the frequency conversion mode. To do that，non-linear circuit modeling is 
necessary if more accurate network simulation is required. 
In the realization of the regenerative mixer, it was found difficult to obtain good 
phase noise performance and large signal response. This is due to the limitation of the 
circuit configuration used. So, further investigation on circuit realization is necessary 
(such as common emitter Clapp oscillator). 
Anyway, the ILO regenerative mixer has potential on the application of low 
voltage wireless design. 
On the other hand, the characteristic of injection controlled resistance mentioned 
in this thesis is another valuable finding. It can be applied to the MMIC microwave 
active filter . Since the pass-band loss and the off-band selectivity are limited by the 
components Q of the MMIC. These components are realized by microstrip line of very 
low component Q. In the case when frequency down-conversion is preceded by the 
filter, the injection controlled resistance can be used to boot up the circuit Q and 
perform frequency down-conversion at the same time. In that case，a mixer can 
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